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(57) Abstrnet: The present invention provides microfluidic devices and methods using the same in various types of thermal cycling 
reactions. Cerlaom devices include a rotary microHuidic channel and a plurality of temperature regions at dilTerent locations along 
the rotary microlluidic channel at which temperature is regulated. Solution can be repeatedly passed through the temperature re- 
gions such that the solution is exposed to dilTerent temperatures. Other microfluidic devices include an ajray of reaction chambers 
formed by intersecting vertical and horizontal flow channels, with the ability to regulate temperature at the reaction chambers. The 
microfluidic devices can be used to conduct a number of different analyses, including various primer extension reactions and nucleic 
acid ampliflcation reactions. 
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NUCLEIC ACID AMPLIFICATION UTILIZING 
MICROFLUIDIC DEVICES 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[01) This application claims the benefit of U.S. Provisional Application No. 

60/281,960, filed April 6, 2001, U.S. Provisional Application No. 60/300,516. filed June 22, 
2001, and U.S. Provisional Application No. 60/334,473, filed November 16, 2001, each of 
which is incorporated herein by reference in its entirety for all purposes. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 
[02J This invention was made with support from Grant Number CTS-0088649 

awarded by the National Science Foundation. Therefore, the U.S. government has certain 
rights in this invention. 

FIELD OF THE INVENTION 
[03J The present invention relates to microfluidic devices and methods of using the 

same in various types of thermal cycling reactions. 

BACKGROUND OF THE INVENTION 
[04] Nucleic acid amplification reactions have emerged as powerful tools in a 

variety of genetic analyses and diagnostic applications. The value of these techniques is their 
ability to rapidly increase the concentration of target nucleic acids of interest that might be 
present at very low and otherwise undetectable levels. For instance, by utilizing the 
polymerase chain reaction (PGR) amplification technique, one can amplify a single molecule 
of a target nucleic acid by 10^ to 10^ 

(05) PGR is perhaps the most well-known of a number of different amplification 

techniques. This well established procedure involves the repetition of heating (denaturation) 
and cooling (annealing) cycles in the presence of a target nucleic acid, primers thai hybridize 
to the target, deoxynucleotides, a polymerase and cofactors such as metal ions. Each cycle 
produces a doubling of the amount of the target DNA. The cycles are conducted at 
characteristic temperatures: 95° C for denaturing double stranded nucleic acid, 50 to 65° C 
for hybridization of primer to the target nucleic acid, and 72 to iTC for primer extension 
(see, generally, Sambrook et aL, (1989) Molecular Cloning: A Laboratory Manual, 2nd ed.. 
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cold spring Harbor Labo,a.o.y Press; see also U.S. Pa.en, Nos. 4.6K.202 arxi 4,683,195, for 

17'* Method, for conducting PCR amplif,ca,ions fall into two general class.- The 

Uo^h typically ntih^ is a ti.e domain approach in which the an,plif,cat.o„ reaction 

Lure is^ept stationa. and the te.pera.ure is cycled (sec, e.g., Cheng. « a 

Nucleic Acids Res. 2«:380.M5; Shoffer, et .1. (1996, Nucle.c Acds Res. 24.375.379, nd 

Hong et al. ,2001, Electrophoresis 22:328-333). While methods utilizing thts approac an 

"Holductel with relatively small s^ple volumes, the methods require complex regulat.on 

ofheaterelementsandrclative,ylongreac.ion,im=s.Anotherapproach,ha.hasbeen 

d,scussed is limited to a space domain approach in which three temperature zones are 
constantly .ep, at the different temperatures and the reaction mixture rtms ,n a se^en,, e 
consianiiy F ,,008> Science 280:1046-1048). A method such 

now channel above it (see, e.g.,Koppe.al. (1998) Science 2SU. 

. this can be conducted at relatively high speed because it is not necessary to hea, and coo. 
the heaters, but requires the use ofrelatively large sample volumes. 

SUMMARY OF THE INVENTION 

,„„ A variety of microfluidic devices and methods for conducing temperature 

ontrolled analyses^provided herein. Un,i.econvcn,io„,lmicrofluidicde.,ccs.he 

devices disclosed herein include elastomeric components. In some .nstances, much of the 
..vice is manufactured from elastomeric materials. The devices can be uhhzed ,„ a w,de 
variety of applications, particulariy in analyses involving thermal cychng. 

Certain of these microfluidic devices mclude (a) a substrate compns.ng an 
llmerie material; (b) a now chattel disposed within the substrate, the How cha- b^ng 
conftgured such that a sample introduced into the flow channel can be cycled around he „ow 
channel, and comprising a plurality of temperature regions at which temperature can be 
lgulat«l, each temperature region located at a different l^ation along the How channel; (c) 
a„ inlet in fluid communication with the flow ch«™el via which the sample can be 
introduced into the flow channel; and (d, a temperature controller operatively dtsposed to 
regulate temperature within a. least one of the plurality of temperature regtons, Dev.ces of 
stypecanalsoincMeoneormorepumpsfortransportingfluidthroughtheflowchann.. 

Certa of these pumps comprise one or more control eh^ncls, each of the contro Channels 

rthe pump formed within an elastomeric matena, and separated from the flow channei y a 
,..,,on of anelastomeric membrane, themcmbranebeingdeflectableintoorretractablef^m 
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channel. The flow channel in some of these devices is substantially circular. A flow channel 
of this shape cannot be formed with conventional silicon-based micro fluidic devices that 
utilize electrical current to move solutions through the microfluidic channels. 
[09j Still other devices have a different configuration in which the device includes 

a plurality of reaction chambers disposed along the flow channel and in fluid communication 
with the flow channel, with each reaction chamber located within one of the temperature 
regions. Devices of this type can also include a plurality of control channels, each formed 
within an elastomeric material and separated from one of the reaction chambers by an 
elastomeric membrane, the membrane being deflectable into one of the reaction chambers in 
response to an actuation force applied to the control channel. As a result of such actuation, 
sample can be transported between the reaction chambers. In some instances, the plurality of 
reaction chambers are in fluid communication such that substantially all of the sample within 
the plurality of reaction chambers is collected at one of the plurality of reaction chambers 
upon actuation of the control channels associated with the other reaction chambers. 
[10] Other microfluidic devices that are provided herein include (a) a substantially 

circular microfabricated flow channel in fluid communication with an inlet; (b) a plurality of 
lemperaiure regions, each region located at a different location along the substantially 
circular flow channel; and (c) a temperature controller operatively disposed to regulate the 
temperature within at least one of the plurality of temperature regions. 
Ill] Methods utilizing devices of the foregoing design are also provided herein. 

Such methods generally involve providing a microfluidic device such as described above, 
introducing a sample into the flow channels, and then transporting the sample between the 
different temperature regions. Such methods can involve introducing a nucleic acid sample 
and components for conducting a nucleic acid amplification reaction into the flow channel. 
The sample and the components for the amplification reaction are then repeatedly cycled 
through the flow channel such that the sample and components are exposed to the 
temperature regions multiple times and an amplified product is formed. The methods can 
further involve detection of the amplified product. In some methods, the amplified product 
. bears a detectable label and detection involves detecting the label. Detection in other 
methods involves contacting the amplified product with a label such that the amplified 
product becomes labeled. Exemplary labels suitable for such methods include interchelating 
dyes and molecular beacons. Still other detection schemes involve conducting a quantitative 
PCR assay, detecting amplified product by gel electrophoresis, or measuring capacitance of a 
solution containing the amplified product. 
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,121 Microfluidic devices of the type described above can also be utilized to 

conduct sequencing reactions. In such methods a nucleic ac.d sample is .ntroduced into the 
flow channel together with one or more components required for conducting a sequenang 
.action. QuantUativePCRcanalsobeperfor^edwiththedevices. Such metho s evolve 
introducinganucleicacidandoneormore components for conductingaquantaauve PGR 

reaction into the flow channel and then transporting the sample and components through 
different temperature regions. 

, , 3, Other mierofluidie devices that are disclosed herein have a d.fferem des.gn 

and are in the form of an array or matrix of junctions or reaction chambers locked at the 
..ersection of horizonta, and vertical now channels. Microfluidic devices of th,s type enable 

large nttmber of reactions to be conducted simultaneously. Certain of these devtces .nCude 
,a, a substrate comprising an elastomeric materia,; (b) a fust plurality of flow ch^ds 
led w,th,n the substrate; ,c, a second plurality of flow channel, each formed w,t,,,n the 
.ubsttate and ,n fluid communication with an inlet, the second flow channel ■nte.ecttn the 
fust now channels ,o denne an a.ay of reaction chambers; ,d, isolation valves sel^ttvely 
actuatable to block now between junctions along at leas, one of the fust and second flow 
channels, and to regulate solution flow to the reaction ch^nbers; (e) a plurality of 

temperature regtons located along each of the second plurah.y of microfabncated f^ow 

chalets, and <0 a temperature controller operatively disposed to regulate temp^ature at on. 

Tore If the temperature regions, in certain of these devices, the isolation valves compnse 

.first and second valve that have differing activation thresholds. 

,,4, Other devices include (a) a substrate comprising an elastomenc matenal; (b) 

first plurality of flow chapels fonned within the substrate; (c, a second plurality of flow 

chamtels. each formed withtn the substrate and in flutd communication with an tnlet, 

second flow channels mtersecting the first flow channels to define an anay of reactton 

chambers; and (d, .solatton valves selectively actuatable to b« flow 

along at least one of the firs, and second now channels, and to regulate solution fiow to the 

reaction chambers, wherein the isolation valves comprise a first and 

diat have diHering activation thresholds. In ceriain devices, reaction c-™^- « — 

from one another by at least two first isolation valves or at leas, two second isolatio alves. 

,,51 Wi,h array-based micronuidic devices such as just described, the isolation 

valves can comprise an elastomenc membrane that separates a control channel and the 

microfabricated flow channel upon which the valve acts, the elastomeric n^embrane able 

denected into or retracted from the flow channel upon which it acts in response to an 
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actuation force. Devices of this design can also include one or more pumps to flow solution 
through the horizontal and/or vertical flow channels. Certain of these pumps comprise one or 
more control channels, each of the control channels formed within an elastomeric material 
and separated from one of the horizontal or vertical flow channels by a section of an 
elastomeric membrane, the membrane being deflectable into or retractable from the 
horizontal or vertical flow channel upon which it acts in response to. an acutation force 
applied to the control channel. 

[16] Array-based devices such as the foregoing can be utilized to conduct diverse 

types of analyses, including nucleic acid amplification reactions, synthesis reactions and 
screening analyses. In general such methods involve (a) provding an array-based device such 
as described above, (b) introducing a sample and one or more reactants into the reaction 
chambers by selective actuation of one or more of the isolation valves, whereby reaction 
between the sample and the one or more reactants occurs, and (c) heating regions of the 
microfluidic device to promote reaction between the sample and the one or more reactants 
within the reaction chambers. In certain methods, the sample and the one or more reactants 
are introduced into the first and second plurality of flow channels, and then the isolation 
valves actuated to allow the sample and the one or more reactants to mix by diffusion within 
the reaction chambers. 

[17] When nucleic acid amplification reactions are performed, the sample is a 

nucleic acid containing sample and the one or more reactants are reactants required for the 
particular type of amplification reaction. The heating step promotes reaction between the 
nucleic acid and the one or more reactants to form an amplified product. The resulting 
amplified product can be detected according to the methods described above. 
[1 8] Certain methods involve introducing samples and/or one or more of the 

reactants under pressure. Some of these methods involve positioning the microfluidic device 
in a holder that is configured to form an air light chamber over an inlet to each of the first 
plurality of flow channels. Sample and/or one or more of the reactants are placed into the 
inlets to the first plurality of flow channels. The airtight chamber is then pressurized, thereby 
forcing the sample and/or one or more reactants into the flow channels. 
|19] Nucleic acid amplification reactions utilizing array-based devices generally 

involve introducing nucleic acid samples into each of the first plurality of flow channels and 
one or more reactants for conducting an amplification reaction into each of the second 
plurality of flow channels, whereby the nucleic acid samples and the one or more reactants 
become mixed. By heating regions of the microfluidic device to promote reaction, amplified 
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produc, can b. fonned. Amplir,»d p^duc, can be de>ec..d according lo ,b= methods se. fo«b 
above Se,ue„cing and ,uan.i«.ivePCR,e.o.io„s can be pe,fom,cd in re,a,ed fashion. 
,201 Temperalure is controlW a. Ihelemperature regions or reaction chambers of 

,h= micronnidic devices uiiUzing any of a numberof ,empe«.ure controller including, but no. 
limited to, a Peltier device, a resitive heater, a heat exchanger and an indium t,n ox.de 
element Ce.«n temperature controllers suitable for use v,i.h .he »r.y-based micronurdrc 
devices are provided. Some of these controllers include (a) a plate assembly compns.ng a 
nrst Plate andasecond plate that are separated from one another byaseparaUonmatenal. the 

separation muteHa, forming a Huid-igh. seal around the penphery of the plates, .te space 
between the plates and bounded by the separation material d.fming a chamber, (b) an ,n,e 
assembly located at a ftrst end region ofthe plate assembly and in fluid communtcatton v.th 
,he Chamber; and ,c, an outlet assembly located at a second end region ofthe plau a^b y 
opposnc ,hc nrst end regton and in Huid communication with the chamber such t a. flutd ,n 
,he Chamber can ex,t theref™ via the outlet assembly. With controllers of ,h,s destgn a 
„gion located between the rn.et and outle, assembly and adjacent or abuthng a surface of 0,. 
f„s. plate is adapted to receive a miconuidic chip, the first and second pla.e compnse a 
, Jparent region that pe^.ts optical detection of ,he microfiuidic chip, and ,h. .op pla e 
less .ban 100 microns thick. Other temperature controllers include aplate assnnbly .hat 
comprises (i) a hinged assembly that comprises a fits, plate and a second pla« tha, are 
hingeably connected, such that the frs. plate can be moved toward or away from » "1>P« ..: 
f Jof *e second plate; (ii, a thtrd plate; ,.ii) a separation material that sep^.^ • .o»er face 
ofthe second plate opposite the upper face .om .he thnd plate and forms a flurd-ttght ^ 
therebetween;(iv,achamberf„.edbythespacebetwee„thelowerface„fthes.oj.p.e 

,nd .he .bird plate and betng bounded by the separatton matenal; and (v) a pa,r otholes, o e 
hole being located in the f„st p.ate and the other hole betng located in the second plate, 
botes posttior^d such tha, when the f,rs, plate ,s folded onto the second plate, .he patr of 
holes are aligned. In addition to the plate assembly, the temperature controller tncludes n 
inlet assembly located at a first end region ofthe plate assembly and ,n fluid cornmuntcatton 
with me chamber; and (c) an ou.le. assembly located a, a second end region of the pla« 
assembly opposite the flrs. end r^ion and in fluid commun.cation with the chamber such 

is adapted .0 receive a m.c,onuidic chip between the first and second plate. 

,j„ To faciliutte amplification .«u:lions, polymerase can be immobohzed only 

within tempe^ture regions a. which primer exrension occurs. This means .ha. non- 
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thermophilic polymerases can be utilized as the polymerase is not exposed to the higher 
temperatures required to separate the template nucleic acid from the extension product. 
[22) In certain devices, detection is facilitated by immobilizing one or more nucleic 

acids to a region of a flow channel or reaction chamber. Such nucleic acids can serve as 
probes to bind selected amplification products, for example. By spatially depositing the 
nucleic acids in known locations, the presence or absence of particular target nucleic acids 
can be ascertained according to the location at which a target nucleic acid binds to the array 
of nucleic acids. 

' BRIEF DESCRIPTION OF THE DRAWINGS 
[23] FIG. 1 is a schematic representation of an exemplary microfluidic device for 

conducting thermal cycling reactions that utilizes a substantially circular flow channel 
configuration. 

(24] FIG. 2 is a schematic representation of another exemplary microfluidic device 

for conducting thermal cycling reactions in which the flow channel incorporates a plurality of 
reaction chambers. 

[25] FIGS. 3 A and 3B are cross-sectional views of an unactuated and actuated 

reaction chamber such as present in the microfluidic device illustrated in FIG. 2. 
[26] FIG. 4 is a cross-sectional view showing the location of a heater relative to the 

flow channel in a temperature region of a microfluidic device. 

[27] FIG. 5 is a plan view of a structure for high throughput screening of nucleic 

acids in accordance with one embodiment of the present invention. 
[28] FIGS. 6A-6C are enlarged views of a portion of the structure of FIG. 5 

showing its operation. 

[29] FIG. 7A is a schematic representation of an exemplary microfluidic device 

comprising a rotary channel, pumps and healers. Three healers arranged in the following 
order (clockwise from upper right): denaturation, annealing, and extension. (In the 2-step 
Taqman PGR, only the two heaters for denaturation and extension were used.) 
[30] FIG, 7B is a schematic representation of assembly of the rotary microchip and 

the heaters showing control layer, flow layer, glass cover-slip and heaters, with arrows 
indicating the air and fluid vias (i.e., the openings in the layer which connect to a flow or 
control channel). 

|31 1 FIG. 8 is a graph showing bulk confirmation of the Taqman amplification of 

the human P-actin gene fragment. 
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FIGS 9Aand9B*owgeUlectiophoresisanalysisofbulkPCRproduc.s, 
|3„ FIG. 10 is a graph of fluo«scenc= increas. in a spatially cycled Taqman assay 

nerforoed using a mictoflaidic device as provided herein. 

FIG. ,lAshov,sabargraphofresuluof.hree.,e«pera"espa>,alcyc„ng 

PGR ofa segment of J^DN A. 

'35^ F,G.l,Bsho»sabar8raphof,««l.sof.hree-.emperalnre.en.poraUyel,ng 

PCRof aseemenlofXDNA. „ , 

FIG ,2isaplan.ieworanexemplar,martxorarraymlcroflu,d,cd.v,ce 

L c» be u„l,.ed .0 conduct nucleic acid an,p,if,c«on reactions and oiher .ypes of 

l,,,"""" FIGS. 13A-13D are enlarged views of a portion of the device of FIG. 12 

showing its operation. v»^fPTr, 12 

,38, FIGS. 14A-14C are enlarged views of a portion of the dev.ce of FIG. 12 

<:hnvvine its operation. 

FIGS ,5A-15Dsbowplanandcross.s«<ionalviewsofanex«nplary 

Lperature cont^Uer for use with varrous n,icrofluidlc devices such as those disclosed 

FIG. .6inustratesaexe.plaryho,derwhichfom.sanairtigh.ch.mberover 
Li's or recesses ,n a n,icro„u,d,c dev.ce, thus allowing for pressuHzed introduction of 

cnhitions into the microfluidic device. - " 

p,G17illustrateanotherexe.p.aryten.peraturecontronerthatcanbeutthzed 

0 r gulate temperature wUhin a ..cron.d.c dev.e such as those disclosed here.. 
I4,j HG. 18 shows an"S" shaped control channel design that can provide 
peristaltic pumping action on an underlying flow channel. 

DETAILED DESCRIPTION OF THE INVENTION 

1 Oefinitions . , 

unless denned otherwise, all technical and scientiftc terms used heretn have 
heLantng cont.only understood by a person skilled in the art to which this i„v»t,on 
lgs.4lol,ow,„grefere„ceprovideon.^^^^^ 

rENCHAHOTECHN0U0GV<WalHe,ed..,,SS,.THE0LOSSA.V0FCFNHTICS. 
5TH ED., R. Rieger e, al. (eds.). Springer Verlag (1991); am. Hale & Marham.THE 
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HARPER COLLINS DICTIONARY OF BIOLOGY (1991). As used herein, the following 

terms have the meanings ascribed to them unless specified otherwise, 

|44j A "flow channel" refers generally to a flow path through which a solution can 

flow. 

[45] The term "valve" unless otherwise indicted refers to a configuration in which a 

flow channel and a control channel intersect and are separated by an elastomeric membrane 
that can be deflected into or retracted from the flow channel in response to an actuation force. 
|461 The term "elastomer" and "elastomeric" has its general meaning as used in the 

art. Thus, for example, Allcock et al. (Contemporary Polymer Chemistry, 2nd Ed.) describes 
elastomers in general as polymers existing at a temperature between their glass transition 
temperature and liquefaction temperature. Elastomeric materials exhibit elastic properties 
because the polymer chains readily undergo torsional motion to permit uncoiling of the 
backbone chains in response to a force, with the backbone chains recoiling to assume the 
prior shape in the absence of the force. In general, elastomers deform when force is applied, 
but then return to their original shape when the force is removed. The elasticity exhibited by 
elastomeric materials can be characterized by a Young's modulus. The elastomeric materials 
utilized in the microfluidic devices disclosed herein typically have a Young's modulus of 
between about 1 Pa - 1 TPa, in other instances between about 10 Pa - 100 GPa, in still other 
instances between about 20 Pa - 1 GPa, in yet other instances between about 50 Pa - 10 MPa, 
and in certain instances between about 100 Pa - 1 MPa. Elastomeric materials having a 
Young's modulus outside of these ranges can also be utilized depending upon the needs of a 
particular application. 

[47j Some of the microfluidic devices described herein are fabricated from an 

elastomeric polymer such as GE RTV 615 (formulation), a vinyl-silane crossUnked (type) 
silicone elastomer (family). However, the present microfluidic systems are not limited to this 
one formulation, type or even this family of polymer; rather, neariy any elastomeric polymer 
is suitable. Given the tremendous diversity of polymer chemistries, precursors, synthetic 
methods, reaction conditions, and potential additives, there are a large number of possible 
elastomer systems that can be used to make monolithic elastomeric microvalves and pumps. 
The choice of materials typically depends upon the particular material properties (e.g., 
solvent resistance, stiffness, gas permeability, and/or temperature stability) required for the 
application being conducted. Additional details regarding the type of elastomeric materials 
that can be used in the manufacture of the components of the microfluidic devices disclosed 



wo 02/081729 PCT/US02/10815 

10 

herein are set forth in U.S. Apphcation No. 09/605,520, and PCT AppHcation No. 00/17740, 
both of which are incorporated herein by reference in their entirety. 
|48| The terms '^nucleic acid," "polynucleotide," and "oligonucleotide" are used 

herein to include a polymeric form of nucleotides of any length, including, but not limited to, 
ribonucleotides or deoxyribonucleotides. There is no intended distinction in length between 
these terms. Further, these terms refer only to the primary structure of the molecule. Thus, in 
certain embodiments these terms can include triple-, double- and single-stranded DNA, as 
well as triple-, double- and single-stranded RNA. They also include modifications, such as 
by methylation and/or by capping, and unmodified forms of the polynucleotide. More 
particularly, the terms "nucleic acid," "polynucleotide," and "oligonucleotide," include 
polydeoxyribonucleotides (containing 2-deoxy-D-ribose), polyribonucleotides (containing D- 
ribose), any other type of polynucleotide which is an N- or C-glycoside of a purine or 
pyrimidine base, and other polymers containing nonnucleotidic backbones, for example, 
polyamide (e.g., peptide nucleic acids (PNAs)) and polymorpholino (commercially available 
from the Anti-Virals, Inc., Corvallis, Oregon, as Neugene) polymers, and other synthetic 
sequence-specific nucleic acid polymers providing that the polymers contain nucleobases in a 
configuration which allows for base pairing and base stacking, such as is found in DNA and 
RNA. 

[49] A "probe" is an nucleic acid capable of binding to a target nucleic acid of 

complementary sequence through one or more types of chemical bonds, usually through 
complementary base pairing, usually through hydrogen bond formation, thus forming a 
duplex structure. The probe binds or hybridizes to a "probe binding site." The probe can be 
labeled with a detectable label to permit facile detection of the probe, particularly once the 
probe has hybridized to its complementary target. The label attached to the probe can include 
any of a variety of different labels known in the art that can be detected by chemical or 
physical means, for example. Suitable labels that can be attached to probes include, but are 
not limited to, radioisotopes, fluorophores, chromophores, mass labels, electron dense 
particles, magnetic particles, spin labels, molecules that emit chemiluminescence, 
electrochemically active molecules, enzymes, cofactors, and enzyme substrates. Probes can 
vary significantly in size. Some probes are relatively short. Generally, probes are at least 7 
to 15 nucleotides in length. Other probes are at least 20, 30 or 40 nucleotides long. Still 
other probes are somewhat longer, being at least 50, 60, 70, 80, 90 nucleotides long. Yet 
other probes are longer still, and are at least 1 00, 1 50, 200 or more nucleotides long. Probes 
can be of any specific length that falls within the foregoing ranges as well. 
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[50] A ''primer" is a single-stranded polynucleotide capable of acting as a point of 

initiation of template-directed DNA synthesis under appropriate conditions (/.e., in the 
presence of four different nucleoside triphosphates and an agent for polymerization, such as, 
DNA or RNA polymerase or reverse transcriptase) in an appropriate buffer and at a suitable 
temperature. The appropriate length of a primer depends on the intended use of the primer 
but typically is at least 7 nucleotides long and, more typically range from 10 to 30 nucleotides 
in length. Other primers can be somewhat longer such as 30 to 50 nucleotides long. Short 
primer molecules generally require cooler temperatures to form sufficiently stable hybrid 
complexes with the template. A primer need not reflect the exact sequence of the template 
but must be sufficiently complementary to hybridize with a template. The term "primer site" 
or "primer binding site" refers to the segment of the target DNA to which a primer 
hybridizes. The term "primer pair" means a set of primers including a 5' "upstream primer" 
that hybridizes with the complement of the 5' end of the DNA sequence to be amplified and a 
3' "downstream primer" that hybridizes with the 3' end of the sequence to be amplified. 
[51] A primer that is "perfectly complementary" has a sequence fully 

complementary across the entire length of the primer and has no mismatches. The primer is 
typically perfectly complementary to a portion (subsequence) of a target sequence. A 
"mismatch" refers to a site at which the nucleotide in the primer and the nucleotide in the 
target nucleic acid with which it is aligned are not complementary. The term "substantially 
complementary" when used in reference to a primer means that a primer is not perfectly 
complementary to its target sequence; instead, the primer is only sufficiently complementary 
to hybridize selectively to its respective strand at the desired primer-binding site. 
|52| The term "complementary" means that one nucleic acid is identical to, or 

hybridizes selectively to, another nucleic acid molecule. Selectivity of hybridization exists 
when hybridization occurs that is more selective than total lack of specificity. Typically, 
selective hybridization will occur when there is at least about 55% identity over a stretch of at 
least 14-25 nucleotides, preferably at least 65%, more preferably at least 75%, and most 
preferably at least 90%. Preferably, one nucleic acid hybridizes specifically to the other 
nucleic acid. See M. Kanehisa, Nucleic Acids Res, 12:203 (1984), 
(531 The term "label" refers to a molecule or an aspect of a molecule that can be 

detected by physical, chemical, electromagnetic and other related analytical techniques. 
Examples of detectable labels that can be utilized include, but are not limited to, 
radioisotopes, fluorophores, chromophores, mass labels, electron dense particles, magnetic 
particles, spin labels, molecules that emit chemiluminescence, electrochemically active 
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molecules, enzymes, cofactors, enzymes linked to nucleic acid probes and enzyme substrates. 
The term "detectably labeled'' means that an agent has been conjugated with a label or that an 
agent has some inherent characteristic (e.g., size, shape or color) that allows it to be detected 
without haying to be conjugated to a separate label. 

11. Overview 

(54) A variety of microfluidic devices and methods for conducting analyses that 

benefit from temperature control are provided herein. Certain devices generally include a 
microfabricated flow channel along which a plurality of different temperature regions are 
located. In some of these devices, the flow channel forms a loop to allow for continuous and 
cyclic solution flow through the flow channel, thus allowing a sample to be repeatedly 
exposed to the different temperature regions. 

[55] Still other microfluidic devices provided herein comprise a plurality of 

intersecting flow channels to form an array or matrix of reaction chambers or junctions at 
which reactions can occur. Such devices permit a large number of reactions (e.g., nucleic 
acid amplification reactions) to be performed simultaneously in a multiplex format, or facilite 
high throughput screening of samples (e.g., screening compounds that bind to nucleic acids or 
proteins). Temperature controllers can regulate temperature for the entire device or a portion 
thereof (e.g., a junction at which flow channels intersect). Some of the devices having such 
an architecture include valves that have different actuation thresholds. By judicious 
placement of such valves along a flow channel, certain reagents or sample can be segregated 
within a flow channel and subsequently released for diffusive mixing with other reagents in 
the flow channel. 

[56] The devices are further characterized in pari by including various components 

such as flow channels, control channels, valves and/or pumps, at least some of which are 
manufactured from elastomeric materials. This is in sharp contrast to conventional 
microfluidic devices that typically are based on silicon substrates (i.e., silicon chips). 
Additionally, with many of the devices disclosed herein, amplification reactions can benefit 
from aspects of both space and time domain amplification approaches, whereas heretofore 
amplification reactions were typically limited to utilizing only one approach or the other. 
Moreover, as alluded to above, certain of the devices and methods utilize a substantially 
circular flow channel through which samples and reactant solutions can be repeatedly 
transported. With conventional microfluidic devices that utilize electric fields to control 
solution flow, continuous circular flow is not possible. 



wo 02/081729 PCTAJS02/10815 

13 

(57J The devices provided herein are useful in performing a variety of analyses 

requiring temperature control. This includes template extension reactions that involve 
thermal cycling. Such template extension reactions include both linear amplification 
reactions (extension reactions conducted with a single primer) and exponential amplifications 
(extension reactions conducted with both forward and reverse primers). Thus, the term 
amplification refers to both linear amplification reactions (e.g., certain sequencing reactions 
and single base pair extension reactions) as well as exponential amplification reactions (e.g., 
PGR). 

[58] Certain methods can be conducted in a multiplexing format in which multiple 

target nucleic acids are simultaneously amplified in a flow chamiel as the targets and 
amplification agents are cycled through the different temperature regions, or within a reaction 
chamber where temperature is cycled. Such reactions can be performed by utilizing primers 
specifically complementary to the different targets and then utilizing differential detection 
methods to detect different amplified products. Alternatively, multiple temperature cycling 
devices can be incorporated into a single device in which solution flow is controlled through 
common control channels. 



III. General Device Structure 

(59 J The micro fluidic devices disclosed herein are typically constructed at least in 

part from elastomeric materials and constaicted by single and multilayer soft lithography 
(MLSL) techniques and/or sacrificial-layer encapsulation methods (see, e.g., Unger et al. 
(2000) Science 288:1 13-116, and PCT Publication WO 01/01025, both of which are 
incorporated by reference herein in their entirety for all purposes). Utilizing such methods, 
microfluidic devices can be designed in which solution flow through flow channels of the 
device is controlled, at least in part, with one or more control channels that are separated from 
the flow channel by an elastomeric membrane or segment. This membrane or segment can be 
deflected into or retracted from the flow channel with which a control channel is associated 
by applying an actuation force to the control channels. By controlling the degree to which 
the membrane is deflected into or retracted out from the flow channel, one can slow or 
entirely block solution flow through the flow channel. Using combinations of control and 
flow channels of this type, one can prepare a variety of different types of valves and pumps 
for regulating solution flow. 

I60| The devices and methods described herein utilize such valves and pumps to 

control solution flow through a series of reaction chambers at which temperature can be 
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regulated, and/or a series of different temperature zones or regions that are disposed along 
one or more flow channels, thereby providing a way to tailor a temperature sequence or 
profile according to the particular temperature requirements of an analysis. As noted supra, 
such devices can be utilized in a variety of analyses that utilize thermocycling, particularly 
nucleic acid amplification processes such as PCR, for example. 

[61] More specifically, some of the microfluidic devices that are provided typically 

include a flow channel into which a sample can be introduced and transported. In certain 
designs, the flow channel forms a loop such that sample introduced into the loop can be 
cycled multiple times through the enclosed loop. Such a flow channel can be referred to as a 
rotary microfluidic flow channel or simply rotary flow channel. The loop can be 
substantially circular in certain devices but other shapes such as rectangular, triangular, 
hexagonal, octogonal, or any other suitable geometrical shape, can be utilized as well. 
[62| A plurality of temperature zones or regions are spaced along the flow channel. 

These temperature regions are regions of the loop in which a temperature controller regulates 
temperature. These regions can be controlled by a single temperature controller but, more 
typically, the temperature in each region is regulated by a separate temperature controller. 
The temperature regions can be of varying lengths as a way to further control the temperature 
of the solution flowing through the flow channel. With certain devices, the width and/or 
depth of the flow channel is varied in the different temperature zones to provide a further 
mechanism for regulating temperature. 

|63J As noted above, solution flow through the flow channel is controlled using 

one or more control channels that are separated from the flow channel by a semipermeable 
membrane. The deflection of such membranes into the flow channel can be used to block 
solution flow (i.e., as a valve), to expel solution from one region of the flow channel to 
another region (i.e., as a pump), and, by staggering the time at which a series of control 
channels are actuated so as to stagger membrane deflection into the flow channel, to produce 
a peristaltic pumping action. With the use of such arrangements, one can regulate solution 
flow through the flow channel without having to utilize electric fields to effectuate transport, 
although such techniques can also be utilized in certain applications. 
[641 Certain devices also include a detection section at which unreacted agents 

and/or products can be detected. This detection section can include detectors that are 
incorporated into the device or be aligned with a detector that is not incorporated into the 
device. In some instances, the detection section includes the flow channel in which the 
thermal cycling reaction takes place. In other designs, the detection section is located at 
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another part of the device, typically downstream from an outlet connected to the flow channel 
in which thermal cycling occurs. Because the microfluidic devices provided herein can be 
made of elastomers that are substantially optically transparent, the devices can be used with 
certain detection systems that cannot be utilized with conventional devices manufactured 
from silicon. 

(65] Thus, in operation, certain methods involve introducing a sample into the flow 

channel and then actuating control channels associated with the flow channel to move the 
sample from one temperature region to another. With certain devices, solution can be 
transported semi-continuously or continuously around the looped flow channel such that the 
sample is repeatedly exposed to the different temperature zones in a cyclic fashion. 

(66) For applications involving nucleic acid template extension reactions such as 
nucleic acid amplification reactions, a sample containing a nucleic acid target is introduced 
into the flow channel. Components for conducting the amplification (e.g., primers, 
deoxynucleotides, polymerase, buffers and cofactors such as metal ions) are also introduced 
into the flow channel. The order in which these solutions are added can be reversed. The 
temperature within the temperature regions is selected to promote the major processes 
involved in amplification reactions, namely annealing of primer(s) to the target nucleic acid, 
extension of the primers, dissociation of complementary strands of the extension product, and 
then reannealing of primer to target nucleic acid or amplified product. 

(67) Other microfluidic devices include some of the foregoing features but differ in 
that rather than having a loop-shaped flow channel, the device includes a plurality of 
intersecting horizontal and vertical flow channels, the intersections providing reaction 
chambers at which reactions can occur. Temperature at the reaction chambers or junctions 
can be controlled by a temperature controller that regulates temperature throughout the 
device, or one or more temperature controllers that regulate temperature at one or more of the 
reaction chambers. 

[68] In operation, these array or matrix type devices involve flowing a set of 

reagents through the horizontal flow channels and one or more sets of reagents through the 
vertical flow channels. These reagents become mixed together within the junctions of the 
horizontal and vertical flow channels. Typically, products and/or unreacted regents are 
detected at the junctions of the flow channels or at regions of the flow channel adjacent the . 
junctions. 

(691 The following sections describe in greater detail a number of specific 

configurations that can be utilized to achieve temperature control during analyses, 
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panicularly nucleic acid amplificadon reacUons^ 1. should be u„de..ood. however, .ha. .hese 
co„r,gu™,ior,s ^ exemplary and tha. modif.ca,io„s of .hese sys.ems will be apparen. .0 
those skilled in the art. 

,V. . f^ubstantialb ^ r irn.lnr Flow rhn.nel Confi^uratio ji 

A, ArchitecUire 

„0, ' Devices ofthisconfiguraiion utilize a .oury pump design in which one or 
Lie elasromenc pump(s) ac. .0 circu,a.e Huid .hrough.a subs«n.ially c.rcular How channC. 
M used herein .he .enn ••s.,bsun.ial,y circular" has *e meaning known in .he ar. and refers 
,0 .onlisuranoas .ha. are circles, as we,, as varia.,ons from a circular conr,gura.,o„ such as 

eUipsoids, ovals and ocagons for example. 

Devices of Ms design can b. manufacmred by muUilayer sof» hthography. 
such devices generally consis. of .wo layers U,a. are.oined .oge,hen a firs, layer in.„wh,ch 
now cha™,els are formed and .hrough which sample and reac.an,s flow, and a second aye. 
i„,„ which coa.rolehamrels arc formed. These .wo layers are joined such d,a.teco„»ol 
Charmels are appropr.a.e,y oricmed w,.h respcc, .0 .he flow channels. The ,esu,..„g dev.ce , 
,„,cally ,hen amxed .0 a subs.ra.e (e.g.. a g,ass slide, such ,ha. .he subs»a,e forms one waU 
oT.he now channel. Howcver.a.hi„elas.omericmembra„ecanbep,aced over .he exposed 

flow eham,el .0 form a device in wh.ch .he flow cham.el is enrirely formed of elasfomer. 

One exemplary n„cron«id,c device for conducing d,em,.l cycling re»=.,ons ,s 
!„l,cdi„FlG. 1. Th,sdevice ,00 includes in .he layer wi,h .he now cham,e,s a p,ur.,.y 
of sample ,npu,s ,02a and ,02b, a mi„„g T-.uncuon ,04. a cen.m, c.,ou,..,on loop ,06 0... 
.HO subs.an„a„y crcu.ar How charme,), and an ou.pu. charge, .08. As ind.ea«^^ supra, .he 
imersecion of a con.ro, channe, wi,h a flow channe, can form a microvalve. T^^s so 
because U,e con.ro, and now channCs are separa.ed by a .bin e,as.ome„c membrane *a. can 
be deneced in.o .he now channe, or re.rac.ed .herefrom. DeileCion or re.rac„on of *e 
e,as.„menc membrane is achieved by genera.,ng a force .ha. causes d,e def,ec,.on or 
re.rac.ion .0 occur. ,n cenain sys.e^s, .his is accomphshed by increasing or decre,s,„g 
pressure in .he con.ro, cham,=, as compared .0 , he now channe, wi.h which mc con.ro, 
chamre, in.ersec.s. However, a wide vane.y of o.her approaches can be u.i,i.ed .0 ac.ua.e .he 
valves including variouselec.ros.a..c,magne.ic,e,ec,ro,y.ic and eiecrokineucapproache^. 

Such approaches are descHbed. for example, in PCT Pub„ea.ion WO 0,/0,025. pr.v,ous,y 
incorporared herein in i.s en.ire.y for a,, purposes. 
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[731 The substantially circular central loop 106 and the control channels 1 16 that 

intersect with it fomi the central part of the rotary pump. The pump(s) 1 14a and 1 14b that 
cause solution to be flowed through the substantially circular flow channel 106 consist of a 
set of at least three control channels 1 16 that are adjacent to one another and which intersect 
the substantially circular branch flow channel 106 (i.e., the central loop). When a series of 
on/off actuation sequences, such a 001, 01 1, 010, 1 10, 100, 101, are apphed to the control 
channels 1 16, the fluid in the central loop 106 can be peristaltically pumped in a chosen 
direction, either clockwise or counterclockwise. The peristaltic pumping action results from 
the sequential deflection of the membranes separating the control channels 1 16 and flow 
channel 106 into or out of the flow channel. In general, the higher the actuation frequency, 
the faster the fluid rotates through the central loop. However, a point of saturation is 
eventually reached at which increased frequency does not result in faster fluid flow. This is 
primarily due to limitations in the rate at which the membrane can return to an unactuated 
position. While the system shown in FIG. 1 shows two sets of pumps 1 14a and 1 14b (i.e., 
two sets of three control channels 1 16 that overlay the substantially circular flow channel 
106) a single pump can be utilized (i.e., a single set of three control channels overlaying the 
substantially circular flow channel). Furthermore, while each pump is shown as including 
three control channels, more control channels can be utilized. It should also be understood 
that the three control channels can be different segments of a single control channel that 
overlay the flow channel. 

[74] An example of such an arrangement is an ''S" shaped control channel that 

passes over the flow channel at least three times. Figure 18 presents a plan view of a pump 
structure, wherein serpentine control channel 1800 crosses over underlying flow channel 
1 802 at three different points, thereby creating three valve stnictures 1 804, 1 806, and 1 808 
having membranes 1804a, 1806a, and 1808a respectively. Application of a high pressure 
signal to first end 1800a of control channel 1800 causes a high pressure signal to propagate to 
first valve 1804, then to second valve 1806, and finally to third valve 1808, as shown in 
TABLE 1. 

TABLE 1 



0 = valve open; 1 = valve closed 



TIME 


VALVE 7804 


VALVE 7806 


VALVE 7808 


To 


1 


0 


0 


T, 


1 


1 


0 


Tz 


1 


1 


1 


T3 


0 


1 


1 
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T4 


0 


0 


1 


T5 


0 


0 


0 



(75] The resulting sequence of denection of membranes 1804a, 1806a, and 1 808a 

creates a pumping action in flow channel 1802 in direction F. Moreover, relaxation of 
pressure at first end 1800d of control channel 1800 at time Tj would cause a low pressure 
signal to propagate to first valve 1 804, then to second valve 1 806. and finally to third valve 
1 808, setting the stage for another pumping sequence without causing reversal in direction of 
material previously flowed through channel 1802. 

[761 A variety of different auxiliary flow channels which are in fluid 

communication with the central loop 1 06 can be utilized to introduce and withdrawn sample 
and reactanl solutions from the central loop. As depicted in FIG. 1 , for example, a plurality 
of inlets 102a and 102b that are joined to a T-shaped flow channel 104 that is in fluid 
communication with the central loop 106 can be used to introduce sample and solutions 
containing reactants or assay components into the central loop 106. Similarly, one or more 
exit or outlet flow channels 108 in fluid communication with central loop 106 can be utilized 
to remove solution from central loop 106. Control valves 1 10 and M 12 can be utilized at the 
inlet(s) and the outlet(s). respectively, to prevent solution flow into or out from the central 
loop 106. 

177] ■ With continued reference to FIG. 1. it can be seen that a plurality of 
temperature regions 1 1 8, 1 20 and 1 22 are located at different locations along the central loop . , 
106. As shown, these temperature regions 1 1 8. 120 and 1 22 can be of varying lengths. In 
this way, one can flow solution through the central loop at a continuous flow rate but still 
vary the length of time that solution is exposed to a particular temperature. As described in 
greater detail infra, a variety of different types of temperature controllers can be utilized to 
regulate temperature within the different temperature regions. In certain designs, a heater 
(e.g., sputtered resistive metal) is positioned between the flow channel and the substrate (see 
FIG. 4). Usually the temperature is different in each of the different temperature regions. 
While the device shown in FIG. 1 shows three separate temperature regions, it should be 
understood that fewer or more temperature regions can be utilized. The number of regions 
depends primarily on the nature of the reaction and the size of the device. A related device 
described in the examples below describe a system with just two temperature regions. 
[78] Flow channel sizes and shapes can vary. With certain devices, the diameter of 

the channel tends to range from about 1 mm to 2 cm, although the diameter can be 
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considerably larger in certain devices (e.g., 4, 6, 8, or 10 cm). Limits on how small the 
diameter of the circular flow channel can be are primarily a function of the limits imposed by 
the multilayer soft lithography processes. Channel widths (either flow or control) usually 
vary between 30 (im and 250 ^m. However, channel width in some devices is as narrow as 1 
|im. Channels of larger widths can also be utilized, but generally require some type of 
structural support within the flow channel. Channel height generally varies between 5 and 50 
|im. The flow channel is typically rounded to allow for complete blockage of the channel 
once the membrane is deflected into the channel. In some devices, the channels have shapes 
such as octagons or hexagons. In certain devices, the flow channels are rounded and 100 jam 
wide and 10 i-im high and control channels are 100 j-im wide and 10 |.im high. One system 
that has been utilized in certain studies has utilized a central loop having a diameter of 2 cm, 
a flow channel depth of 100 jam and a width of 10 jam. While the channels typically have the 
foregoing sizes and shapes, it should be recognized that the devices provided herein are not 
limited to these particular sizes and shapes. 

|79J Devices utilizing a substantially circular design allow considerable flexibility 

in exposing samples to desired temperature profiles because of the ability to control 
temperature in both the time and space domains. With the central loop and the integrated 
pumps, these devices also permit one to continuously and repeatedly to flow solution through 
the different temperature zones. However, by periodically altering the rate of control valve 
actuation, one can also regulate how long solution is exposed to any particular temperature. 

B. Methods for Conducting Analyses 
[80] A wide variety of applications can be conducted with devices 100 having the 

design shown in FIG. 1, especially applications requiring temperature cycling. Before 
introducing solution into device 100, it is sometimes helpful to first purge the flow channels 
within the device of air. This avoids potential complications resulting from the formation of 
air bubbles within the flow channels that can disrupt solution flow through the flow channels. 
Because the devices described herein are wholly or largely manufactured from elastomeric 
compounds that have a certain degree of porosity, this can conveniently be achieved by 
pressurizing the device which causes any gas to diffuse tlirough the pores of the device. 
[81 1 Once device 1 00 has been primed, sample and any necessary reagents are 

collectively or separately introduced into the central loop 106 via the inlets 102a and 102b. 
The control valves 110 positioned adjacent the inlets 102a and 102b and the T intersection 
104 are initially opened to allow solution to flow into the central loop 106. After the desired 
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samples and reagents have been introduced into the central loop 106, the control valves 1 10 
at the inlets 102a and 102b and outlet 108 are closed. Solution is circulated through the 
central loop 106 by actuating the pumps 1 14a and 1 14b. As the solution is cycled around the 
central loop 106, the sample and reagents are exposed to a sequence of different 
temperatures. 

(821 Following completion of the temperature cycling, the presence of remaining 

reaclants and/or products generated during reaction can be detected. With certain devices 
detection is accomplished by detecting remaining reactants and/or products within the central 
loop 106 itself. Thus, the rotary pump 106 constitutes a detection region. In other instances, 
the control valve 1 12 of the outlet 108 is opened so solution can be removed from the central 
loop 106. The solution that is withdrawn can then be transported via a flow channel in fluid 
communication with the outlet 108 to a detection region elsewhere on the microfluidic 
device. Alternatively, the solution can be removed from the microfluidic device and 
analyzed on a separate device. 

[83] As described in greater detail below, a wide variety of detection options can be 

utilized to detect the reactants and/or products. The particular method employed depends 
upon the nature of the reactant and/or product being detected. 

[84] In the specific instance of nucleic acid amplification reactions, a sample 

containing or potentially containing a target nucleic acid is introduced into the central loop 
106 via one of the inlets 102a and 102b, The other reagents necessary to conduct the 
amplification reaction are similarly introduced via one of the inlets 102a and 102b. The 
sample and reagents can be introduced collectively or separately. Reagents typically utilized 
to conduct an amplification reaction will vary somewhat depending upon the particular type 
of amplification reaction being conducted and are known to those of ordinary skill in the art. 
Typical reagents include a primer or primers (e.g., forward and reverse primers) that 
specifically hybridize to the target nucleic acid, the four deoxynucleoside triphosphates (i.e., 
dATP, dTTP, dGTP and dCTP), a polymerase, a buffer and various other cofactors required 
by the polymerase (e.g., metal ion). 

[851 Following introduction of the sample and the necessary amplification reagents 

into the central loop 106, the sample and amplification reagents are circulated around the 
central loop 106 under the action of the pumps 1 14a and 1 14b. The number of temperature 
regions 1 1 8, 120 and 122 and the temperature therein can be selected according to the 
particular amplification reaction being conducted. The device shown in FIG. 1 is useful for 
conducting standard PGR reactions as it includes three temperature zones 1 18, 120 and 122 to 
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promote the three primary events that occur during a PCR amplification, namely: (1) 
annealing of the primer(s) to its/their complementary target, (2) extension of the primer as the 
polymerase enzyme incorporates additional nucleotides, and (3) denaturation of the double 
stranded nucleic acid such that the primer(s) can reanneal to the target or a newly replicated 
strand. Temperatures typical for conducting PCR reactions are 95° C (denaturation), 72" C 
(extension) and 49-69^ C (annealing). 

C. Variations 

|86| In some applications, the solution flow rate is varied. One approach for 

achieving this is to alter the rate at which the control channels are acUiated. Alternatively, 
actuation of the control channels can be kept constant but the dimensions of the flow channel 
altered at different regions. Thus, the pumping rate can be kept constant while solution flow 
through the flow channel can be varied depending upon the size of the flow channel. Thus, in 
certain devices, the flow channel dimension can vary between one or more of the temperature 
regions as a way to provide another level of temperature control. 

(87) During the thermal cycling process, various reagents or solutions can 
optionally be introduced into the central loop via the inlets. For example, additional 
polymerase can be introduced if the enzyme starts to become denatured during the cycling 
process. More buffer solution can be introduced to compensate for solution loss due to 
evaporation. Similarly, solution can be withdrawn via the outlet during the cycling process as 
pan of lime course studies or to monitor the progress of the reaction, for example. 

V. Devices Utilizing a Pluralitv of Reaction Chambers 
A. Architecture 

[88) An example of another configuration that can be utilized in thermocycling 
reactions is illustrated in FIG. 2. As with the microfluidic device illustrated in FIG. 1, this 
device 200 also is composed of two layers that are joined together: a first layer into which 
flow channels are formed and through which sample and reaciants flow, and a second layer 
into which control charmels are formed. After these two layers are joined such that the 
control channels properly intersect with the appropriate flow channels, the resulting device is 
typically affixed to a support (e.g., glass). Consistent with the architecture of the device 
shown in FIG. 1, the layer with the flow channels has a plurality of sample inputs 202a and 
202b, a mixing T-junction 204, and an output channel 206 (see FIG. 2). This device, 
however, differs in that a plurality of reaction chambers 208a, 208b and 208c are disposed 
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along the primary flow channel 210. In general, a different reaction chamber is provided for 
each different temperature region that is needed to conduct the analysis of mterest. 
(89) The plurality of reaction chambers 208a, 208b and 208c are in fluid 

communication with other reaction chambers in the system. The reaction chambers 208a, 
208b, and 208c are also operatively disposed with respect to a control channel 212a, 212b 
and 212c, respectively. Actuation of the control channel associated with a reaction chamber 
causes the solution within the chamber to be expelled. As depicted in FIGS. 3A and 3B, 
because the control channel 304 and reaction chamber 308 are formed within an elastomeric 
material 302 (that is attached to a substrate 310) and separated by a flexible elastomeric 
membrane 312, actuation of the control channel 304 results in deflection of the membrane 
312 into the reaction chamber 306. Because the membrane 312 can mold to the shape of the 
reaction chamber 306, essentially all solution and reactanls 308 within the reaction chamber 
306 is forced out of the actuated reaction chamber and into an unactuated reaction chamber. 
Reaction chambers 306 whose associated control channel 304 is actuated are sometimes 
referred to simply as actuated chambers; conversely, reaction chambers 306 whose control 
channels 304 are not actuated are referred to as unactuated reaction chambers. The reaction 
chambers in certain devices are fluidly connected such that actuation of all the control 
channels but one results in substantially all of the solution in the actuated reaction chambers 
being forced into the one reaction chamber whose control channel is not actuated (i.e., the 
sole unactuated reaction chamber). 

|901 The flow channel can include as few as two reaction chambers. However, the 

number of reaction chambers can vary significantly and is limited primarily by the size of the 
microfluidic device. As noted supra, in general the number of reaction chambers 
incorporated into the device is selected to correspond to the number of different temperature 
regions one requires for an analysis. With many nucleic acid amplification reactions three 
reaction chambers are utilized to accommodate the temperatures for performing annealing, 
extension and denaturation. However, certain devices include 4, 5, 6, 7, 8, 9 or 10 reaction 
chambers. Other designs utilize tens, or even hundreds of reaction chambers, for example. 
|91| With systems of this design a sample and/or reagents can be rapidly passed 

back and forth between two or more reaction chambers by selective and alternate actuation of 

the corresponding control channels, thus resulting in the folding of a solution back onto itself. 

In this way, solutions can be rapidly mixed. Such configurations can also be utilized in a 

variety of thermal cycling applications by repeatedly passing a fluid through an established 

thennal gradient. 
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[92] These devices allow reactions to be conducted with ultra small reaction 

volumes because one can consolidate the different reaction chambers into a small space and 
because solution is fully transferred between chambers due to the flexibility of the membrane 
that causes transport. The high compliance of the membrane can also accommodate for 
volume changes associated with the thermocycling process. High speed cycling can be 
achieved because there is no need to ramp the temperature to the desired level. 
(93) In the case of the particular device shown in FIG. 2, the device 200 includes 

an inlet system 201 having one or more inlets 202a and 202b and a mixing T junction 204 in 
fluid communication with the reaction chamber 208a set to the first temperature in the 
temperature gradient. Control valves 214 in the inlet system 201 can be used to control 
introduction of the sample and other reagents. Device 200 includes three reaction chambers 
208a, 208b and 208c set to temperatures that are optimal for the aruiealing, extension and 
denaturation processes associated with the amplification reaction. Substantially all of the 
solution within device 200 can be transported to the reaction chamber having the next 
temperature in the gradient by actuating all of the other reaction chambers. An outlet flow 
channel 206 is in fluid communication with one reaction chamber 208c to allow reaction 
products and unreacted reagents to be withdrawn. Typically, the outlet 206 is in fluid 
communication with the reaction chamber 208c set to the final temperature in the temperature 
gradient. 

B. Methods for Conducting Analyses 
|94] Sample and reagents are introduced into the first reaction chamber 208a in the 

flow channel 210 via the inlets 202a and 202b. Prior to introducing such solutions, the flow 
channel 210 and reaction chambers 208a, 208b and 208c can be purged of air as described 
supra to avoid potential problems associated with air bubble formation. Once introduced, 
typically the sample and reagents are transported from one reaction chamber/temperature 
region to another by actuating the control channels of all of the reaction chambers, except for 
the reaction chamber into which solution is to be delivered. Thus, referring once again to 
FIG. 2, once sample and reagents have had sufficient exposure to the temperature of reaction 
chamber 208a, substantially all of the solution in each of the reaction chambers and other 
sections of the flow channel system can be forced into reaction chamber 208b by actuating 
control channels 212a and 212c associated with reaction chambers 208a and 208c, 
respectively. Similarly, solution can be forced into reaction chamber 208c by actuating 
control channels 212a and 212b associated with reaction chambers 208a and 208b. 
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[95] For nucleic acid amplifications, the general considerations set forth above with 

respect to the device shown in FIG. 1 apply to methods performed with device 200 as well. 
The temperature of each reaction chamber is set for the temperature that promotes the 
annealing, extension and denaturation processes. Solution is transported between the 
different reaction chambers by selectively actuating the appropriate control channels as just 
described. Any amplified product formed and unreacted reagents can be transported out of 
the reaction chambers via the outlet. 

[961 Detection of unreacted reagents and/or product can be conducted at one or 

more than one of the reaction chambers. Alternatively, detection can be conducted after 
reagents and product have been transported from the reaction chambers and at another 
location on the device. As with the other device, another option is to remove a portion of the 
withdrawn solution and to analyze the withdrawn solution on another system. 

C. Variations 

[97j The same general variations described supra in relation to the system with a 

substantially circular system also apply here. 

VI. Devices Utilizing an Array of R eaction Chambers 
A. First Exemplar/ Configuration 
1. Architecture 

|981 Certain devices comprise a plurality of intersecting vertical and horizontal 

flow channels which form an N x N array of cross-injection junctions or reaction chambers. 
A separate amplification reaction can be performed at each junction, thereby allowing a very 
large number of amplification reactions to be carried out on a single device at the same time. 
The number of vertical and horizontal flow channels can vary widely and is limited primarily 
by the overall size of the microfluidic device and the size and spacing of the flow channels. 
Devices of this type can include less than ten vertical and horizontal flow channels each, but 
often include tens or even hundreds of vertical and horizontal flow channels to form a vary 
large number of cross-injection junctions at which amplification reactions can take place. 
|99] FIG. 5 illustrates a specific example of such an alternative structure for 

performing nucleic acid amplifications. The high throughput structure of FIG. 5 comprises a 
five-by-five array 500 of cross-injection junctions 502 formed by the intersection of parallel 
horizontal flow channels 504 and parallel vertical flow channels 506. Array 500 enables the 
mixing of a nucleic acid sample S1-S5 with a primer-containing solution P1-P5, for a total of 



wo 02/081729 



25 



PCT/US02/10815 



5 X 5 = 25 simultaneous possible amplification reactions. The other components necessary 
for conducting a particular amplification reaction (e.g., polymerase, labeled and/or unlabeled 
nucleotides, metal ions and other cofactors) can be included in either the nucleic acid sample 
and/or with the primer solution. 

(100| Movement of nucleic acid sample solutions S1-S5 along horizontal flow 

channels 504 is controlled in parallel by peristaltic pumps 508 formed by overlying control 
channels 510. Movement of primer solutions P1-P5 along vertical flow channels 506 is 
controlled in parallel by peristatic pumps 512 formed by overlying control channels 514. 
Column valves 516 and row valves 5 1 8 surround each junction 502 formed by the 
intersection of horizontal and vertical flow lines 504 and 506. 

1 1011 Column yalves 516 blocking flow in the vertical direction are controlled by a 

single control line 520. Row valves 510 blocking flow in the horizontal direction are 
controlled a single control line 522. For purposes of illustration, only the first portion of 
control lines 520 and 522 are shown in Figure 5. However, it is to be understood that every 
row and column valve is controlled by these control lines. 

11021 During an amplification reaction, horizontal flow channels 504 introduce 

samples of five different nucleic acid samples (S1-S5) into junctions 502, while vertical flow 
channels 506 introduce five different primer-containing solutions (P1-P5) lo junctions 502. 
Through the metering technique described below in connection with Figures 6A-6C, all 5 x 5 
= 25 possible combinations of nucleic acid sample and primer are stored at the 5 x 5 = 25 
junctions 502 of array 500. Each such amplification reaction is mixed at a fixed ratio of S to 
P. 

11031 Once charged with the nucleic acid samples and primer solutions, the 

microfluidic array is then cycled through temperatures chosen to promote the steps involved 
in the particular nucleic acid amplification (e.g., armealing of primer to nucleic acid target, 
primer extension and dissociation of strands in amplified product). In some instances, it is 
advantageous to separately control temperature betweeri different columns (e.g., because 
different primers are introduced into different columns). To separately regulate the 
temperature, each column of the microfabricated device shown in Figure. 5 may include an 
associated temperature control structure. Although not shown in Figure 5, such temperature 
control structures are described in detail below in section Vlll and include thermistors, 
resistive heaters and Peltier controllers. , 

1 1 04| In other instances, separate control over the temperatures of columns of the 

array shown in Figure 5 is not required. Such may be the case when tlie same primer is 
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introduced to various samples in each column or when the primers and target nucleic acids 
have sufficiently similar composition that the amplification reaction steps can be performed 
at the same temperatures. Various temperature control devices can be utilized in this 
situation, including those described in section VIIl. One option is simply to position the 
device adjacent a temperature control block which provides uniform heat over the array 
surface and which can be cycled through the different temperatures required for 
amplification. 

[1051 If a very high degree of temperature control is required (e.g., for studies 

conducted to optimize reaction conditions), the devices can be manufactured such that the 
temperature at each junction can be separately regulated. Resistive heaters (see infra) 
positioned at each junction is one option for forming such devices, although other options 
described in section VIIl can be utilized as well. 

2. Methods for Conducting Analyses 
n 061 Figures 6A-6C show enlarged plan views of adjacent junctions of array 500 of 

Figure 5. For purposes of illustration, the control lines are omitted in Figures 6A-6C. In 
addition, the lateral distance between junctions is considerably shortened, and in actuality the 
junctions would be separated by a substantial distance to prevent cross-contamination 
between junctions. 

(1 071 In a first step shown in Figure 6A, column valves 5 1 6 are closed and nucleic 

acid samples are first flowed down each of horizontal now channels 504. In the array portion 
shown enlarged in Figure 6A, inter-row valve regions 526 are thereby charged with sample 
material SI. 

11081 Next, as shown in Figure 6B. row valves 5 1 8 are closed, and column valves 

516 are opened. Solutions containing different primers are flowed down each of vertical Row 
channels 506. In the array portion enlarged in Figure 6B. junctions 502 are thereby charged 
with primers PI and P2. 

(1091 Finally, as shown in Figure 6C, column valves 516 are closed and row valves 

51 8 are opened. Pumping of the peripheral peristahic pumps of the array causes the nucleic 
acid sample in inter-valve regions 526 to mingle with the primer solution of junctions 502 as 
both are flowed into junctions 502 and inter-valve regions 526. In the array portion enlarged 
in Figure 6C, amplification may then occur in sample/primer environments SlPl and S1P2 
provided the primer and a nucleic acid within a given junction are complementary to one 
another. 
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[1101 With certain other devices, separate control lines can be used to control 

alternate row valves. In such an embodiment, the inter-row valve regions and the junctions 
are charged with sample and primer as described above in Figures 6A and 6B. Next, 
alternate row valves are opened such that sample in inter-row valve regions mixes by 
diffusion with primer in the junctions. This particular approach does not require pumping, 
and the closed state of the other set of alternate row valves prevents cross-contamination, 
[111] Once the various nucleic acid and primer solutions have been introduced into 

the array of junctions in the high throughput structure and mixed with one another (see 
FIG. 5), the device is cycled through the various temperatures which promote the different 
amplification stages. For those junctions in which the primer is complementary to a nucleic 
acid contained in the sample, amplified product is formed and can subsequently be detected. 
With knowledge of the identity of the primer at each junction, the presence or absence of 
particular target nucleic acids at each junction can be determined. Given the large number of 
junctions that can be formed as part of a microfluidic device, one can interrogate a very large 
number of samples in a short time period. 

(112) Amplified products can be detected according to any of the methods described 

below under section IX. As described in greater detail infra, one such approach utilizes 
molecular beacons (see, e.g., Tyagi et al, (1996) "Molecular Beacons: Probes that Fluoresce 
upon Hybridization", Nature Biotechnology 14:303-308, which is hereby incorporated by 
reference for all purposes). By utilizing a variety of different molecular beacons (optionally 
bearing different labels), one can readily detect the presence of specific nucleic acids that are 
complementary to the target nucleic acid of interest. 

[1131 Typically, amplified product is detected within the junctions. In certain 

designs, each junction is associated with its own detector. With other designs, each junction 
is interrogated with a single detector. For example, a detector may include a translatable 
stage to properly position each junction with respect to the detection element or a scanner that 
illuminates each junction. Alternatively, array detectors can be utilized to delect signals from 
each of the junctions simultaneously. Further details regarding these and other options are 
provided in Section IX. 

B. Second Exemplarv Configuration 
1. Architecture 

|1 14] Other devices are array-based devices and share a number of similarities with 

the architecture to the arrays just described and illustrated in FIGS. 5 and 6A-6C. In general 
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these devices also comprise a plurality of intersecting vertical and horizontal flow channels 
which form an N x N array of cross-injection junctions or reaction chambers. A separate 
amplification reaction can be performed at each junction, thereby allowing a very large 
number of amplification reactions to be carried out on a single device at the same time. 
Certain of these devices include two types of valves, a "large valve" and a "small valve," that 
differ with respect to the magnitude of the actuation force required to activate the valve. 
Thus, these valves have different activation thresholds. Utilization of such valves provides 
another level of control in regulating solution flow through the array. 
1115] Some devices are also designed such that a plurality of the vertical and/or 

horizontal flow channels are fluidly connected to a shared input. This configuration is useful 
because it means that separate aliquots of sample or reagent need not be separately added to 
each of the flow channels. The ability to fill a plurality of flow channels with a single sample 
significantly reduces total sample or reactant volume by eliminating much of the dead 
volume associated with separate injections into each flow channel. This feature is particularly 
important when the amount of sample or reagent available is limited or the cost of the sample 
and/or reagent is high. 

11161 FIG. 12 illustrates a specific example of such an alternative structure for 

performing nucleic acid amplifications, including several of the foregoing design elements. 
The fluid layer (i.e., the layer containing the fluid channels) of the particular array-based 
device shown in of FIG. 12 comprises an 8 x 8 array 1200 of cross-injection junctions formed 
by the intersection of parallel horizontal flow channels and parallel vertical flow channels. 
The horizontal flow channels 1202 each have independent inlets 1204 and outlets 1206. The 
vertical flow channels, in contrast, are divided into a first set of M vertical flow channels 
1208a that are connected to independent inlets 1210 and outlets 1212, and a second set of M 
vertical flow channels 1208b that are connected to a single or shared inlet 1214 and ouflet 
1216. The junctions, then, fall into two groups, those junctions 1218a formed by the 
intersection between a horizontal flow channel 1202 and a vertical flow channel 1208a not 
connected to shared inlet 1214, and those junctions 1218b that are formed by the intersection 
between a horizontal flow channel 1202 and a vertical flow channel 1208b that is connected 
to the shared inlet 1214, 

[1171 This design enables N sets of a first reagent to be mixed with M sets of a 

second reagent and M sets of a third reagent (where M + M = N). Thus, for instance, with 
array 1200, four nucleic acid samples (e.g., S1-S4) can be mixed with eight primers, P1-P8, 
thus generating a total of 4 x 8 = 32 simultaneous reactions on a single chip. This particular 
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architecture is useful because a reagent that is required for each reaction can be introduced as 
a single aliquot via shared inlet 1214 into the M vertical flow channels 1208b that are 
connected to shared inlet 1214. This feature reduces the complexity in loading the array 1200 
and minimizes the amount of solution required for injection. Other components necessary for 
conducting a particular amplification reaction (e.g., labeled and/or unlabeled nucleotides, 
metal ions and other cofactors) can be included in either the nucleic acid sample and/or with 
the primer solution. 

[118] In the case of nucleic acid amplification reactions, for example, nucleic acid 

samples S1-S4 and common reagent, R (e.g., polymerase), are transported along vertical flow 
channels 1208a and 1208b under the action of peristaltic pumps 1222a and 1222b formed by 
overlying control channels 1220a and 1220b, respectively. Movement of primer solutions 
PI-P5 along horizontal flow channels 1202 is controlled by peristaltic pumps 1224a and 
1224b formed by overlying control channels 1246a and 1246b. respectively. Because 
peristaltic pumps 1222a, 1222b, 1224a and 1224b are positioned on each side of array 1220, 
solution can readily be flowed back and forth through the vertical flow channels 1208a and 
1208b and the horizontal flow channels 1202. 

1119] The control layer that overlays the fluid layer contains two types of control 

channels to define two different types of valves. Each set of control channels can have a 
single inlet for actuating the control channel. The use of the two different types of valves 
enables horizontal flow channels 1202 and vertical flow channels 1208a and 1208b to be 
actuated separately. The two valves differ with respect to the width of the control channel. 
Valves with wider control channels (e.g., approximately 200 microns) are referred to as big 
valves, whereas valves with narrower control channels (e.g., approximately 75 microns) are 
refenred to as small valves. The wider the flow channel is, the easier it is to close the flow 
channel. Thus, at high actuation levels (e.g., high pressure levels), both big and small valves 
close and prevent solution flow through the flow channel upon which they act. However, at 
intermediate actuation levels (e.g., intermediate pressure levejs), big valves remain closed 
and block solution flow, whereas small valves are deactuated and allow solution to flow 
through the flow channel. At low actuation levels (e.g., low pressure levels), both big valves 
and small valves are deactuated and allow solution to flow. 

11201 With continued reference to FIG. 12, large column valves 1248 that block 

solution flow in the vertical flow channels 1208a and 1208b are controlled by a single control 
line 1250. In contrast, another control line 1252, can regulate solution flow through the 
horizontal flow chamiels 1202 by actuating both large row valves 1254 and small row valves 
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1256. For purposes of illustration, only the first portion of control lines 1250 and 1252 are 
shown in FIG. 12. However, it is to be understood that every row valve 1254 and 1256 and 
column valve 1248 is controlled by control lines 1250 and 1252. As described in greater 
detail infra, the ability to selectively actuate the large valves and small valves means that 
solution can be flowed through a flow channel and then trapped between a pair of small 
valves. These small valves can then be selectively opened while the large valves remain 
closed to allow diffusive mixing between the trapped solution and solution within a junction, 
for example. 

[1211 Thus, during an amplification reaction for instance, row valves 1254 and 1256 

can be opened while column valves 1248 are closed to introduce eight different primer 
solutions (P 1 -P8) into horizontal flow channels 1 202 and then into junctions 1 2 1 8a and 
1218b. Next, row valves 1254 and 1256 are closed and column valves 1248 opened to allow 
samples containing nucleic acids to flow through the vertical flow channels 1208a (i.e., those 
that are connected to individual inlets 1210) into junctions 1218a. With the valves in this 
same configuration, polymerase is introduced into those vertical flow channels 1208b that are 
connected to the shared inlet 1214. Through the metering techniques described below in 
connection with F1GS.13A-D and 14A-C, all 8 x 4 = 32 possible combinations of nucleic 
acid sample and primer are stored at the junctions 1208a of array 1200. 

2. Methods for Conducting Analyses 
[1221 Figures 13A-13D show enlarged plan views of adjacent junctions of anray 

1200 of FIG. 12. To increase clarity, the control lines are omitted in FIGS. 13A-13D. 
Initially, column valves 1248 are closed and primer solutions are first flowed down each of 
horizontal flow channels 1202. In the array portion shown enlarged in FIG. 13 A, junctions 
1218a and 1218b, and inter-row valve regions 1260a defined by two large valves 1254 and 
inter-row valve regions 1260b defined by two small valves 1256 are thereby charged with 
primer, PI . 

[1231 Next, as shown in FIG. 13B, both large row valves 1254 and small row valves 

1256 are closed, while column valves 1248 are opened. Nucleic acid samples are then 
transported down vertical flow channels 1208a not connected to shared inlet 1214. In the 
array portion enlarged in FIG. 13B, junctions 1218a are thereby charged with sample SI. 
Similariy, polymerase, Pol, is flowed down vertical flow channels 1208b that are connected 
to shared inlet 1214; the junctions 1218b shown in array portion enlarged in FIG. 13B thus 
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become charged with polymerase. Consequently, vertical flow channels alternate between 
those that contain sample and those that contain polymerase. 

|124j Finally, as shown in FIG. 13C, column valves 1248 are closed and small row 

valves 1256 are opened, while large row valves 1254 are kept closed. As indicated above, 
this can be achieved by applying an intermediate pressure to the control channels associated 
with large and small valves 1254 and 1256. In this approach, no pumping along the 
horizontal flow channel 1202 is required, as primer PI, sample SI and polymerase Pol mix 
by diffusion to form the mixture PI, SI, Pol. Alternatively, as shown in FIG. 13D, column 
valves 1248 can be closed and both large row valves 1254 and small row valves 1256 
opened. Pumping of the peripheral peristaltic pumps of the array causes the primer, PI, in 
inter-valve regions 1260a to mix with the nucleic acid sample, SI, of junction 1218a and 
polymerase Pol within junction 1218b, either as they are pumped in one direction or as they 
are pumped back and forth. 

(1 25] The foregoing process is illustrated in greater detail in FIGS. 14A-14C. FIG. 

14A shows an enlarged view of a portion of one flow channel 1204. FIG. 14B presents a 

cross-sectional view along line B-B' of the enlarged flow channel portion of FIG. 14A prior 
to deactuation of small row valves to allow diffusion of sample, primer and polymerase 
located in inter-valve regions and adjacent junctions. FIG. 14C shows a cross-sectional view 
along line B-B' of the enlarged flow channel portion of FIG. 14A after deactuation of the 
small row valves. 

|126| Control line 1252 comprises parallel branches 1252a and 1252b positioned on 

either side of flow channel 1204. Branches 1252a and 1252b are connected by pairs of wide 
cross-over portions 1270 and narrow cross over portions 1272, which define large valves 
1254 and small valves 1256, respectively. As set forth in FIGS. 1 3 A-1 3D, junctions 1218a 
and 1218b are charged with a nucleic acid and polymerase, respectively; intervalve region 
1260a and 1260b are initially filled with primer, PI . 

(1 27) As discussed briefly above, the differing width of cross-over portions 1 270 

and 1272 cause elastomer membranes 1274 and 1276 of large valves 1254 and small valves 
1256, respectively, to have different actuation thresholds. In particular, because wide 
membranes 1274 have increased area, they arie easier to actuate then narrow membranes 
1276. Thus, application of a high pressure to control line 1252 causes the deflection of both 
elastomer membranes 1274 and 1276 into the underlying flow channel 1204, closing both 
large valves 1254 and small valves 1256. Application of a low pressure to control line 1252, 
however, causes both elastomer membranes 1274 and 1276 to retract out from the underlying 
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Throughput Screening of Crystallization of Materials." filed April 5. 2002, and having 
attorney docket number 20174C-0049200US. 

VII. f yh"g^tion of Microfluid ic Devices 

(133] The microfluidic devices disclosed herein are typically constructed by single 

and multilayer soft lithography (MLSL) techniques and/or sacrificial-layer encapsulation 
methods. The MLSL approach involves casting a series of elastomeric layers on a m.cro- 
machined mold, removing the layers from the mold and then fusing the layers together. In 
ihe sacrificial-layer encapsulation approach, patterns of photoresist are deposited wherever a 
channel is desired. The use of these techniques to fabricate elements of microfluidic devices 
is descnbed, for example, by Unger et al. (2000) Science 288:1 13-1 16, by Chou. et al. (2000) 
"Integrated Elastomer Fluidic Lab-on-a-chip-Surface Patterning and DNA Diagnostics, m 
Proceedings of the Solid State Actuator and Sensor Workshop. Hilton Head. S.C.; and in PCT 
Publication WO 01/01025. all of which are incorporated herein by reference in their entirety 
for all purposes. 

1134J More specifically, certain fabrication methods involve initially fabricating 

mother molds for top layers (elastomeric layer with the control channels) and bottom layers 
(elastomeric layer with the flow channel) on silicon wafers by photolithography with 
photoresist (Shipley SJR 5740). Channel heights can be controlled precisely by the spin 
coating rate. Photoresist channels are formed by exposing the photoresist to UV light 
followed by development. Heat reflow process and protection treatment is performed as 
described previously (M.A. Unger. H.-P. Chou, T. Throsen, A. Scherer and S.R. Quake. 
Science 288, 113 (2000)). Thereafter, a mixed two-part-silicone elastomer (GE RTV 61 5) is 
spun into thl bottom mold and poured onto the top mold, respectively. Again, spin coating 
can be utilized to control the thickness of bottom polymeric fluid layer. After baking in the 
oven at SO'C for 25 minutes, the partially cured top layer is peeled off from its mold, aligned 
and assembled with the bottom layer. A 1 .5-hour final bake at 80T is used to bind these two 
layers irreversibly. Once peeled off from the bottom silicon mother mold, this RTV device is 
typically treated withHCL (O.IN, 30 min at 80° C) to cleave some of the Si-O-Si bonds to 
expose hydroxy groups that make the channels more hydrophilic. The device can the be 
sealed hermetically to a support. The support can be manufactured of essentially any 
material. The surface should be flat to ensure a good seal as the seal formed is primarily due 
to adhesive forces. Examples of suitable supports include glass, plastics and the like. The 
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device can even be directly attached to certain detectors such as CCD elements and CMOS 
detection elements. 

1 135] The devices formed according to the foregoing method results in the substrate 

(e.g., glass slide) forming one wall of the flow channel. Such an arrangement can be useful 
as certain temperature control elements can easily be formed onto the substrate. For example, 
as described in greater detail infra in the section on temperature control elements, certain 
thermistor heaters can be formed by sputtering a resistive metal such as tungsten onto the 
substrate utilizing established techniques. However, in some instances the device once 
removed from the mother mold is sealed to a thin elastomeric membrane such that the flow 
channel is totally enclosed in elastomeric material. The resulting elastomeric device can then 
optionally be joined to a substrate support. Devices having this latter structure can be useful 
for analyses are expected to generate high backpressures. Such pressures can sometimes 
cause the seal between the elastomeric device and the substrate to fail. 
[136] It has also been found that the seal between the elastomeric structure and the 

substrate can be improved by cleaning the elastomeric structure with ethanol prior to placing 
the structure on the substrate. 

1137] Further details regarding the preparation of a rotary pump such as utilized in 

some of the devices provided herein is set forth in Example 1 infra. 

Vlll. Temperature Control 

[138] A number of different options of varying sophistication are available for 

controlling temperature within selected regions of the microfluidic device or the entire 
device. Thus, as used herein, the term temperature controller is meant broadly to refer to a 
device or element that can regulate temperature of the entire microfluidic device or within a 
portion of the microfluidic device (e.g., within a particular temperature region or at one or 
more junctions in an array or matrix microfluidic device). With the devices and methods 
described herein, typically the temperature controllers are used to maintain a particular 
temperature within each of the temperature regions. Although in certain applications it may 
be advantageous to adjust the temperature within one or more of the temperature regions. 

A. Resistive heaters 
(1391 A resistive heater is an example of one heating element that can be utilized. 

Such heating elements can be adjusted to maintain a particular temperature. FIG. 4 illustrates 
the use of such a resistive heater. FIG. 4 is a cross-sectional view of a region of a 
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microfluidic device formed of a conlrol layer 402 into which a control channel 404 is formed. 
This control channel 404 overlays a flow channel 406 formed in fluid layer 408 which itself 
is attached to a substrate 410. One method for producing a heating element 412 of this type 
is to sputter a metal (e.g., tungsten) on the support 410 (e.g., glass slide) to which the fluid 
layer elastomeric structure 408 is applied. The sputtered material (i.e., heating element 412) 
is typically applied as a very thin layer (e.g., 500 to 1000 Angstroms thick) on support 410. 
To facilitate alignment of a section of the flow channel 406 with the heating element 412. the 
heating element 412 is often made wider than the flow channel 406. Because the heating 
element 412 is so thin, the elastomeric structure 408 having the flow channel 406 molded 
therein can form a tight seal against the heating element 412. 
1 1 401 Typically, different resistive heaters are placed at each of the different 

temperature regions and regulated by their own power supply. However, the elastomeric 
devices can also be placed on a single heater that is regulated by a single power supply. The 
temperature at any given temperature region can then be controlled by the thickness of the 
metal sputtered adjacent each temperature region. 

B. Peltier Heaters 

(141] Another suitable temperature controller is a Peltier controller (e.g., INB 

Products thermoelectric module model TNB-2-(ll-4)-1.5). This controller is a two-stage 
device capable of heating to 94° C. Such a controller can be utilized to achieve effective 
thermal cycling or to maintain isothermal incubations at any particular temperature. 

C. Heal exchangers 

(1421 In some devices and applications, heat exchangers can also be utilized in 

conjunction with one of the temperature control sources to regulate temperature. Such heat 
exchangers typically are made from various thermally conductive materials (e.g., various 
metals and ceramic materials) and are designed to present a relatively large external surface 
area to the adjacent region. Often this is accomplished by incorporating fms, spines, ribs and 
other related structures into the heat exchanger. Other suitable structures include coils and 
sintered structures. In certain devices, heat exchangers such as these are positioned adjacent 
to the flow channel within one of the temperature regions or placed within the flow channel 
or reaction chamber. Heat exchangers that can be utilized with certain devices are discussed, 
for example, in U.S. Patent No. 6,17 1 ,850. 
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(143 J Figure 17 shows a plan view one embodiment of a heat exchanger for use in 

conjunction with a microfabricated structure in accordance with the present invention. Heat 
exchanger 1700 includes chambers 1702, 1704, and 1706 containing a flowable liquid. 
Liquid in each of chambers 1 702, 1 704, and 1706 is continuously maintained at different 
temperatures Tl, T2, and T3. Serpentine flow channel 1708 is in fluid communication with 
chambers 1702, 1704, and 1706 through valves 1710, 1712, and 1714 respectively. 
(144) Serpentine flow channel 1708 is positioned proximate to microfabricated 

reaction chamber 1716 having inlet 1716a and outlet 1716b, respectively. In the structure 
shovm in FIG. 17, serpentine flow channel overlies chamber 1716 and is separated from 
chamber 1716 by a membrane of elastomer material Depending upon actuation of valves 
1710, 1712, and 1714, the temperature of liquid flowed through serpentine flow channel 1708 
can be rapidly changed, with the corresponding exchange of thermal energy occurring across 
the thin elastomer membrane over the large surface area defined by serpentine channel 1708. 

D. . TTQ Heaters 

[145] Other heating elements are formed from indium tin oxide, which is a 

transparent conductor. This material is available from a number of sources including Delta 
Technologies, of Stillwater, Minnesota. One method for forming an indium tin oxide heating 
element is to deposit a thin film of the material on a substrate (e.g., thin glass slide); this film 
is then formed into the desired pattern by etching. Typical etching solutions contain 20% 
HCl and 5% HNO3. Premixed etching solution is available from Cyantek Corp. 
Alternatively, the material can be patterned by sputtering and lift off techniques that are 
known in the art. 

[146] ITO heating elements are useful in conducting certain analyses because of 

their transparency. This feature means that reactions (e.g., PGR reactions) can be monitored 
in real time. This capability is important because it enables quantitative information 
regarding expression levels to be determined (see the discussion on quantitative PGR 
techniques supra). 

D. Chamber Thermocvclers 
[1471 Certain temperature controllers are designed to cycle the temperature of an 

entire microfluidic device such as those disclosed herein. One such temperature controller 
includes a thermoelectric module (e.g., from Omega) that can be positioned adjacent a 
microfluidic device. This thermoelectric module is typically powered by a direct current 
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power supply. A programmable temperature controller can be connected to the module to 
have the module produce the desired temperature cycle. 

(1 48] Another temperature controller generally consists of a thin chamber formed 

between two spaced-apart plates, including a top plate and a bottom plate, with the spaced- 
plates connected to at least one inlet and one outlet through which fluids of different 
temperatures can be flowed. Typically, the chamber includes two inlets positioned at one end 
of the chamber and an outlet through which fluid in the chamber can exit. Having two inlets 
means that two fluids at diflerent temperatures can be flowed into the chamber separately and 
simultaneously, or that one can rapidly switch which of two fluids are introduced into the 
chamber. The top plate of the spaced-apart plates is intentionally made very thin so that its 
thermal resistance is negligible compared to that of the bottom plate and the microfluidic chip 
that rests upon it. As a consequence, there is little difference in temperature between the heat 
transport fluid and the microfluidic chip, and a negligible heating and cooling ramp, thus 
enabling a temperature cycle can to be established with little transition time between 
temperatures. The can also be appropriately thickness of the temperature controller is sized 
such that it can be utilized upon a standard microscope stage or similar device which has a 
narrow field of view, typically less than 5mm, as well as being at least partially 
manufactured of optically transparent materials so that reactions within the microfluidic 
device can be moniiored by microscopy or by other visual or spectroscopic means. Thus, the 
device is designed to permit simultaneous optical access in combination with the ability to 
both heat and cool the microfluidic device. 

1149] Two examples of such a device are illustrated in FIGS. 15A-15D. The first 

exemplary device is shown in FIGS. 15A and 15B. This particular temperature controller 
1500 includes a bottom glass plate 1502 and an extremely thin (compared to the rest of the 
device) top glass plate 1501 ofnegligible thennal resistance that are spaced apart by a gasket 
1503. The gasket 1503 is shaped in the form of a hollow loop and is sized such that it 
extends around the outer peripheral edge of the top plate 1 501 . Thus, the space between the 
bottom plate 1502 and the top plate 1 501 as further defined by the peripheral gasket 1 503 
defines a water-tight chamber 1515. 

(150] Connector blocks 1 506a and 1 506b are afllxed to each end of the top plate 

1501. The connector blocks 1506a and 1 506b each have a cavity 1522a and 1522b. 
respectively, that extends into the central region of one face of the connector block, without 
extending the entire length of the connector block. The cavity of each connector block 1 506a 
and 1506b is positioned such that it overiays one or more holes 1505 in either end of the top 
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plate 1501. This arrangemenl means that the cavity 1522a and 1522b of each connector 
block is in fluid communication with the chamber 1515 formed between the top plate 1501 
and bottom plate 1502 via the hole(s) 1505 in the top plate. The two connector blocks 1506a 
and 1506b and the portion of the upper surface of the top plate 1501 extending therebetween 
define a bed 1514 onto which a microfluidic chip 1516 can be placed. 
[151 ] A first and second inlet 1 504a and 1 504b are inserted into opposing ends of 

first connector block 1506a and each is in fluid communication with the cavity 1522a of first 
connector block 1506a. Consequently, fluid introduced via first and second inlets 1504a and 
1 504b can flow into the cavity 1522a of first connector block 1 506a and subsequently pass 
through thehole(s) 1505 in the top plate 1501 and into the chamber 1515. Similarly, an 
outlet 1 504c is positioned in one end of the second connector block 1 506b. Outlet 1504c is in 
fluid communication with the cavity 1522b of connector block 1506b, which means that fluid 
in the chamber 1515 can flow up through the hole(s) 1505 in the top plate 1501 into the 
cavity 1522b of second connector block 1506b where the fluid can then exit via outlet 1504c. 
[1 52 J Inlets 1 504a and 1 504b are each connected to a temperature bath (not shown) 

by a connecting line (not shown). The temperature of the fluid in each bath is set so fluid 
delivered to the temperature controller will be one of the temperatures in the desired 
temperature cycle. Each temperature bath is further connected to a pump (not shown) to 
pump fluid from the temperature bath into the chamber of the temperature controller. 
Typically, the connecting lines are protected to guard against heat loss. One option. is to 
include the connecting line in a flowing fixed temperature water jacket. Because the top plate 
is very thin, heat can be rapidly transferred to or from the microfluidic chip positioned on its 
upper surface. Generally the top plate 1 501 is less than 1 millimeter thick, and in other 
instances less 500 microns, in still other instances less than 250 microns, and in still other 
instances less than 100 microns. 

1 153] In operation, microfluidic chip 1516 is placed into bed 1514 such that it rests 

against the upper face of the top plate 1501 . The temperature of the temperature baths are set 
to the temperatures appropriate for the temperature cycle for the analysis or reaction. In the 
case of nucleic acid amplification reactions, the temperatures are selected to promote the 
different stages of the amplification process. By way of illustration but not limitation, one 
water bath is heated to 97 oC, and the other to 60 oC. Fluid from the bath at the initial 
temperature of the cycle is flowed into chamber 1515 via first inlet 1504a and exits via outlet 
1504c. The thinness of top plate 1 501 and resulting low thermal resistance permits the 
substrate 1520 of microfluidic chip 1516 to be heated and cooled very rapidly. When the 
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temperature is to be changed during a temperature cycle, fluid from the second temperature 
bath at the next temperature in the cycle is flowed into second inlet 1504b, and flow of fluid 
from the first temperahire bath is slopped. As fluid at the second temperature is flowed into 
chamber 1515, fluid continues to flow out of chamber 1515 via outlet 1504c. 
[1 54| Another temperature controller 1 550 is shown in FIGS. 1 5C and 1 5D and has 

a design similar to the device illustrated in FIGS. 15A and 15B. The primary difference is 
with respect to the construction of the top plate 1507. In the thermocycler shown in FIGS. 
15C and t5D, the top plate 1507 is part of an assembly 1525 in which the top plate 1507 is 
connected by a hinge 1 51 1 to a sealing plate 1510. For increased durability, the lop plate 
1507 and the sealing plate 1 510 are made of metal. Because the thermocycler is preferably 
transparent to facilitate optical detection, both the top plate 1507 and the sealing plate 1510 
contain centrally located holes 1 5 1 3 and 1 5 1 2, respectively (the central hole 1 5 1 3 in top plate 
1 507 is in addition to the hole(s) 1505 located at either end). Central holes 1512 and 1513 
are aligned such that when the sealing plate 1510 is folded down onto top plate 1507, the 
central holes 1512 and 1513 align with one another. The central hole 1513 in the top plate 
1507 is sized such that it is smaller than the substrate 1520 upon which the elastomeric 
structure 1518 of microfluidic chip 1516 is attached. Thus, when microfluidic chip 1516 is 
placed in the bed 1514 defined by the upper face of the top plate 1507 and the two connector 
blocks 1506a and 1506b, the substrate 1520 spans the central hole 1513 of the top plate 1507. 
The central hole 1512 in the sealing plate 1510 is also positioned such that when microfluidic 
chip 1516 is placed in the bed 1514, the central hole 1512 fits around the elastomeric 
structure 1518, with a part of the elastomeric structure 1518 extending through the central 
hole 1512 of the sealing plate 1510. Latch 1509b is closed upon catch 1509a, thereby forcmg 
the microfluidic chip 1516 against top plate 1507. 

( 1 551 In order to prevent fluid from flowing through the central hole 1 5 1 3 in the top 

plate 1507 and out past the edges of the microfluidic chip 1516 when it is positioned m bed 
1514, two additional gaskets 1 530 and 1532 are typically utilized to form a water-tight seal. 
A first gasket 1530 is attached to either the upper face of the top plate 1 507 around the 
periphery of the central top plate hole 1 5 1 3, or placed on the underside of the substrate 1 520 
of the microfluidic chip 1516 itself. A second gasket 1532. is either attached to the under 
surface (assuming the plate is closed) of the sealing plate 1510 and runs around the periphery 
of the central sealing plate hole 1 512. or is simply attached to the upper surface of the 
substrate 1520 of the microfluidic chip 1516. 
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(156] Thus, in operation, the sealing plate 1510 is lifted up away from the top plate 

1507 so that microfluidic chip 1516 can be placed onto bed 1514, with the elastomeric 
structure 1518 of the microfluidic chip 1516 being disposed over the central hole 1513 in the 
top plate 1507. The sealing plate 1510 is then closed such that the underside of the sealing 
plate 1510 is adjacent the upper surface of the top plate 1507, with the substrate 1520 of the 
microfluidic chip 1516 being sandwiched therebetween, and the elastomeric structure 1518 
extending up through the central hole 1512 in the sealing plate 1510. Fluids of differing 
temperature can then be cycled through the chamber 1 5 1 5 as described with respect to the 
temperature controller 1500 shown in FIGS. 15A and 15B via inlets and outlet. 
[157] Because the elastomeric structure 1 5 1 8 is coincident with the central top plate 

hole 1513 and the central sealing plate hole 1512, reactions within the microfluidic chip 1516 
can be monitored by microscopy or other optical methods. Further, as alluded to above, this 
particular design permits the thermocycling device to be made out of sturdier materials (e.g., 
metal), and is thus reusable and has a longer life than that expected for other devices such as 
that depicted in FIGS. 15A-B. 

1 1 58] While the temperature controller has been described as being formed of glass 

or metal plates, the plates can be formed of any of a number of materials, including, but not 
limited to, plastics, ceramics and composite materials. However, the use of transparent 
materials such as glass plates (e.g., microscope coverslips) permit optical access to reactions 
within the microfluidic device while simultaneously providing the required temperatures, 
thus allowing detection of reaction products and monitoring of the reactions in real time. 
|1591 Likewise, the gaskets can be formed of a number of different materials to 

provide an adequate seal between the bottom and top plates. Examples of suitable gasket 
materials or sealants include a wide variety of adhesives, such as PDMS (Polydimethly 
Siloxane), silicon, or appropriate epoxies. 

[1601 A number of different fluids can be utilized with this type of temperature 

controller, provided the fluid has a sufficiently low viscosity such that it readily flows 
through the chamber and preferably does not form bubbles that would disrupt optical 
viewing. Examples of suitable fluids include a solution of water and Ethylene Glycol in 
equal proportions and heat transfer oil. 

E. Temperature Sensors 
[1611 As described above, performance of thermal cycling steps involving 

heating/cooling of reaciants is an important part of the process of amplification of nucleic 
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acids. In order to ensure the accuracy of these thermal cycling steps, in certain devices it is 
therefore useful to incorporate sensors detecting temperature in the various temperature 
regions. 

[1 621 One structure for detecting temperature in accordance with the present 

invention is a thermocouple. Such a thermocouple could be created as thin film wires 
patterned on the underlying substrate material, or as wires incorporated directly into the 
microfabricated elastomer material itself. 

[1631 Temperature may also be sensed through a change in electrical resistance. For 

example, change in resistance of a thermistor fabricated on an underlying semiconductor 
substrate utilizing conventional techniques could be calibrated to a given temperature change. 
Alternatively, a thermistor could be inserted directly into the microfabricated elastomer 
material. Still another approach to detection of temperature by resistance is described in Wu 
et al. in "MEMS Flow Sensors for Nano-Huidic Applications", Sensors and Actuators A 89 
152-158 (2001), which is hereby incorporated by reference in its entirety. This paper 
describes the use of doped polysilicon stractures to both control and sense temperature. For 
polysilicon and other semiconductor materials, the temperature coefficient of resistance can 
be precisely controlled by the identity and amount of dopant, thereby optimizing performance 
of the sensor for a given application. 

11641 Thermo-chromatic materials are another type of structure available to detect 

temperature on regions of an amplification device. Specifically, certain materials 
dramatically and reproducibly change color as they pass through different temperatures. 
Such a material could be added to the solution as they pass through different temperatures. 
Thermo-chromatic materials could be formed on the underlying substrate or incorporated 
within the elastomer material. Alternatively, thermo-chromatic materials could be added to 
the sample solution in the form of particles. 

1 1 65) Another approach to detecting temperature is through the use of an infrared 

camera. An infrared camera in conjunction with a microscope could be utilized to determine 
the temperature profile of the entire amplification structure. Permeability of the elastomer 
material to radiation would facilitate this analysis. 

[1 661 Yet another approach to temperature detection is through the use of 

pyroelectric sensors. Specifically, some crystalline materials, particularly those materials 
also exhibiting piezoelectric behavior, exhibit the pyroelectric effect. This effect describes 
the phenomena by which the polarization of the material's crystal lattice, and hence the 
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voltage across the material, is highly dependent upon temperature. Such materials could be 
incorporated onto the substrate or elastomer and utilized to detect temperature. 



[167] Other electrical phenomena, such as capacitance and inductance, may be 

exploited to detect temperature in accordance with embodiments of the present invention. 

IX. Detection 

A. General 

|168| The microfluidic devices provided can be utilized in combination with a wide 



variety of detection methodologies. The particular detection system utilized depends upon 
the particular type of event and/or agent being detected. Examples of particular detection 
methods useful with the present microfluidic devices include, but are not limited to, light 
scattering, multichannel fluorescence detection, UV and visible wavelength absorption, 
luminescence, differential reflectivity, and confocal laser scanning. Applications can also 
utilize scintillation proximity assay techniques, radiochemical detection, fluorescence 
polarization, fluorescence correlation spectroscopy (FCS), time-resolved energy transfer 
(TRET), fluorescence resonance energy transfer (FRET) and variations such as 
bioluminescence resonance energy transfer (BRET). Additional detection options include 
electrical resistance, resistivity, impedance, and voltage sensing. 

1 1 69] The term ''detection section," "detection region," and other like terms refer to 

the portion of the microfluidic device at which detection occurs. In general, the detection 
section can be at essentially any point along one of the flow channels or at an intersection of 
flow channels. As indicated supra, for the devices shown in FIGS. 1 and 2, the detection 
section can include the central loop (FIG. 1) or a portion thereof, or one or more reaction, 
chambers (FIG. 2). Alternatively, detection can occur at another region on the device or off 
the device once solution containing unreacted reagents and products has been withdrawn 
from the flow channel in which thermocycling has occurred. 

1 170] Similarly, detection with the matrix array devices discussed above and 

illustrated in FIGS. 5 and 12, for example, typically occurs within regions of flow channels 
that are adjacent a junction or within the juctions themselves. 

[171 j The detection region can be in communication with one or more microscopes, 

diodes, light stimulating devices (e.g., lasers), photomultiplier tubes, processors and 
combinations of the foregoing, which cooperate to detect a signal associated with a particular 
event and/or agent. Often the signal being detected is an optical signal that is detected in the 
detection section by an optical detector. The optical detector can include one or more 
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photodiodes (e.g.. avalanche photodiodes), a fiber-optic light guide leading, for example, to a 
photomultiplier tube, a microscope, and/or a video camera (e.g., a CCD camera). 
|1 721 optical detector can be microfabricated within the micronuidic device, or 

can be a separate element. If the optical detector exists as a separate element and the 
microfluidic device includes a plurality of detection sections, detection can occur within a 
single detection section at any given moment. In other instances, an automated system is 
utilized which scans the light source relative to the microfluidic device, scans the emitted 
light over a detector, or includes a multichannel detector. For example, the microfluidic 
device can be attached to a translatable stage and scanned under a microscope objective. The 
acquired signal is routed to a processor for signal interpretation and processing. Arrays of 
photomultiplier tubes can also be utilized. Additionally, optical systems that have the 
capability of collecting signals from all the different detection sections simultaneously while 
determining the signal from each section can be utilized. 

11731 In some instances, the detection section includes a light source for stimulating 

a reporter that generates a detectable signal. The type of light source utilized depends in part 
on the nature of the reporter being activated. Suitable light sources include, but are not 
limited to. lasers, laser diodes and high intensity lamps. If a laser is utilized, the laser can be 
utilized to scan across a set of detection sections or a single detection section. Laser diodes 
can be microfabricated mto the microfluidic device itself Alternatively, laser diodes can be 
fabricated into another device that is placed adjacent to the microfluidic device being utilized 
to conduct a thermal cycling reaction such that the laser light from the diode is directed into 
the detection section. 

11741 In some instances in which external radiation and/or an external detector is/are 

utilized, a substrate that is optically transparent at the wavelength being monitored is used to 
cover the detection section. However, by appropriate selection of elastomeric materials, 
monolithic elastomeric devices can still be utilized in conjunction with a wide variety of 
external optical detection methods. The present devices can utilize a number of optical 
detection systems that are not possible with conventional silicon-based microfluidic devices 
because the provided devices typically utilize elastomers that arc substantially optically 
transparent. 

11 751 Detection can involve a number of non-optical approaches as well. For 

example, the detector can also include, for example, a temperature sensor, a conductivity 
sensor, a potentiometric sensor (e.g.. pH electrode) and/or an amperometric sensor (e.g., to 
monitor oxidation and reduction reactions). 
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(176) In certain methods, solutions are transported from the micro fluidic device to a 

separate external device for further analysis. The external device can be any of a number of 
analytical devices such as UVA/'IS, IR, NMR and/or ESR spectrometers; chromatographic 
columns (e.g., HPLC); electrophoretic columns and/or mass spectrometry, for example. 

B. Detection of Amplified Nucleic Acids 
[177] When the devices provided herein are utilized to conduct nucleic acid 

amplification reactions, a number of different approaches can be utilized to detect amplified 
product. Examples of suitable approaches include the following: 

1. Intercalation Dves 

(1781 O"^ method for detecting the formation of amplified product utilizes labels, 

such as dyes, that only bind to double stranded DNA. In this type of approach, amplification 
product (which is double stranded) binds dye molecules in solution to form a complex. With 
the appropriate dyes, it is possible to distinguish between dye molecules fi-ee in solution and 
dye molecules bound to amplification product. For example, certain dyes fluoresce only 
when bound to amplification product. Examples of suitable dyes include, but are not limited 
to, SYBR™ and Pico Green (from Molecular Probes, Inc. of Eugene, OR), ethidium 
bromide, propidium iodide, chromomycin, acridine orange, Hoechst 33258, Toto-1, Yoyo-1, 
and DAPl (4',6-diamidino-2-phenylindole hydrochloride). Additional discussion regarding 
the use of intercalation dyes is provided by Zhu et ai. Anal, Chenu 66:1941-1948 (1994), 
which is incorporated by reference in its entirety. 

2. Size Separation 

[179J In this approach, amplified product can be separated from primers and other 

unreacted reagents and subsequently detected by utilizing various size-separation techniques. 
Amplified product can be readily distinguished from any unextended primer because of the 
significantly larger size of the amplified product. Typically, separation is achieved by 
withdrawing solution that has completed the thermal cycling process and thai includes 
amplified product and introducing the withdrawn sample into a matrix capable of separating 
nucleic acids on the basis of size. 

(1 80J Some of the microfiuidic devices that are provided herein incorporate a 

separation module that is in fluid communication with the flow charmel in which thermal 
cycling occurred (e.g., the central flow loop or flow channel with reaction chambers; see 
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FIGS. 1 and 2). In such modules' various size exclusion nnaterials are packed. Typically, the 
size exclusion material is an electrophoretic gel matrix. Thus, for example, separation can be 
achieved by capillary gel electrophoresis. Of course, the size separation process can also be 
conducted off the microfluidic device. Thus, for instance, sample removed after thermal 
■ cycling can be separated on a dedicated capillary gel electrophoresis apparatus or via high 
pressure liquid chromatography (HPLC). Regardless of whether separation is achieved on 
the microfluidic device or off, amplified product can be detected by staining the gel with 
intercalating dyes (see supra) or by using labeled primers, for example. 
[181] In yet another option, the microfluidic device either includes or is in fluid 

communication with a microfluidic DNA sizer that employs certain of the same elaslomeric 
elements of the present devices. These DNA sizers enable one to selectively separate 
different nucleic acid molecules according to size. Such sizers are discussed, for example, by 
Chou, et al. (1999) Proc. Natl. Acad. Sci. U.S.A. 96:1 1-13, which is incorporated herein by 
reference in its entirety for all purposes. 

3. Probe-Based Detection Methods 
[1 82] These detection methods involve some alteration to the structure or 

conformation of a probe caused by hybridization of the probe to the target nucleic acid, 
primer extension or some other event. Specific examples of such approaches follow: 

[183j Qiumtitntive RT-PCR . A variety of so-called "real time amplification" 

methods or "real time quantitative PGR" methods can also be utilized to determine the 
quantity of a target nucleic acid present in a sample by measuring the amount of 
amplification product formed during the amplification process itself. Fluorogenic nuclease 
assays are one specific example of a real time quantitation method which can be used 
successfully with the methods described herein. The basis for this method of monitoring the 
formation of amplification product is to measure continuously PGR product accumulation 
using a dual-labeled fluorogenic oligonucleotide probe - an approach frequently referred to 
in the literature as the "TaqMan" method. 

(184| The probe used in such assays is typically a short (ca. 20-25 bases) 

polynucleotide that is labeled with two different fluorescent dyes. The 5' terminus of the 
probe is typically attached to a reporter dye and the 3' terminus is attached to a quenching 
dye. although the dyes can be attached at other locations on the probe as well. The probe is 
designed to have at least substantial sequence complementarity with the probe binding site on 
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the target nucleic acid. Upstream and downstream PGR primers that bind to regions that 
flank the probe binding site are also included in the reaction mixture. 
1 185 J When the probe is intact, energy transfer between the two fluorophors occurs 

and the quencher quenches emission from the reporter During the extension phase of PGR, 
the probe is cleaved by the 5' nuclease activity of a nucleic acid polymerase such as Taq 
polymerase, thereby releasing the reporter from the polynucleotide-quencher and resulting in 
an increase of reporter emission intensity which can be measured by an appropriate detector. 
[1861 One detector which is specifically adapted for measuring fluorescence 

emissions such as those created during a fluorogenic assay is the ABI 7700 manufactured by 
Applied Biosystems, Inc. in Foster City, CA. Computer software provided with the 
instrument is capable of recording the fluorescence intensity of reporter and quencher over 
the course of the amplification. These recorded values can then be used to calculate the 
increase in normalized reporter emission intensity on a continuous basis and ultimately 
quantify the amount of the mRNA being amplified. 

1 1 871 Additional details regarding the theory and operation of fluorogenic methods 

for making real time determinations- of the concentration of amplification products are 
described, for example, in U.S. Pat Nos. 5,210,015 to Gelfand, 5,538,848 to Livak, et oL, and 
5,863,736 to Haaland, as well as Heid, G.A., el al.. Genome Research, 6:986-994 (1996); 
Gibson, U.E.M, ei al,. Genome Research 6:995-1001 (1996); Holland, P. M., et aL, Proc, 
Nitil. Acad. Sci. USA 88:7276-7280, (1991); and Livak, KJ., el aL, PGR Methods and 
Applications 357-362 (1995), each of which is incorporated by reference in its entirety. 
(188J Some RT-PGR reactions are conducted in a somewhat different fashion. For 

example, amplified product in these reactions is detected by conducting reactions in the 
presence of dyes that preferentially bind to double stranded DNA (e.g., SYBR GREEN) and 
that only generate signal once bound. Thus, as the amplification reaction progresses, an 
increasing amount of dye becomes bound and is accompanied by a concomitant increase in 
signal. 

(189J Molecular Beacons : With molecular beacons, a change in conformation of the 

probe as it hybridizes to a complementary region of the amplified product results in the 
formation of a detectable signal. The probe itself includes two sections: one section at the 5' 
end and the other section at the 3' end. These sections flank the section of the probe that 
anneals to the probe binding site and are complementary to one another. One end section is 
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typically attached to a reporter dye and the other end section is usually attached to a quencher 
dye. 

(1901 In solution, the two end sections can hybridize with each other to form a 

hairpin loop. In this conformation, the reporter and quencher dye are in sufficiently close 
proximity that fluorescence from the reporter dye is effectively quenched by the quencher 
dye. Hybridized probe, in contrast, results in a linearized conformation in which the extent of 
quenching is decreased. Thus, by monitoring emission changes for the two dyes, it is 
possible to indirectly monitor the formation of amplification product. Probes of this type and 
methods of their use is described further, for example, by Piatek, A.S.. et al.. Nat. Biotechnol. 
16:359-63 (1998); Tyagi, S. and Kramer, F.R., Nature Biotechnology 14:303-308 (1996); and 
Tyag.. S. el al., Nat. Biotechnol. 16:49-53 (1998), each of which is incorporated by reference 
herein in their entirety for all purposes. 

4. ra pacitive ONA Detection 
11911 There is a linear relationship between DNA concentration and the change in 

capacitance that is evoked by the passage of nucleic acids across a l-kHz electric field. This 
relationship has been found to be species independent. (See, e.g., Sohn, et al. (2000) Proc. 
Natl Acad. Sci. U.S.A. 97:10687-10690). Thus, in certain devices, nucleic acids within the 
flow channel (e.g., the substantially circular flow channel of FIG. 1 or the reaction chambers 
of FIG. 2) are subjected to such a field to determine concentration of amplified product. 
Alternatively, solution containing amplified product is withdrawn and then subjected to the 
electric field. 

5 inrnrporation nFl .aheled Pri mers arid/or Nucleotides 
1 1 921 In certain reactions, labeled primers and/or nucleotides are utilized. Hence, 

product formed as the resuU of primer extension is labeled because of the labeled pr.mer 
and/or the labeled nucleotides that are incorporated into the extension products. A wide 
variety of labels can be utilized to label the primer and/or nucleotides. Examples of suitable 
labels are listed supra in the definition section. 

X. Variations 

A Typfts of Amnlification Reactions 
11931 Although some of the foregoing discussion has focused on the use of the 

present microfluidic devices to conduct PCR reactions, the devices can be utilized to conduct 
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essentially any type of amplification reaction, especially those that involve thermal cycling. 
The amplification reactions can be linear amplifications, (amplifications with a single 
primer), as well as exponential amplifications (i.e., amplifications conducted with a forward 
and reverse primer set). 

[194] Examples of the types of amplification reactions that can be conducted with 

the microfluidic devices disclosed herein include, but are not limited to, (i) polymerase chain 
(see generally, PCR Technology: Principles and Applications for DN A Amplijication (H.A. 
Erlich, Ed.) Freeman Press, NY, NY (1992); PCR Protocols: A Guide to Methods and 
Applications (Innis, et ai, Eds.) Academic Press, San Diego, CA (1990); Mattila et aL, 
Nucleic Acids Res. 19: 4967 (1991); Eckerl et al, PCR Methods and Applications 1:17 
(1991); PCR (McPherson et aL Ed.), IRL Press, Oxford); and U.S. Patent Nos. 4,683.202 and 
4,683,195); (ii) ligase chain reaction (LCR) (see Wu and Wallace, Genomics 4:560 (1989) 
and Landegren et aL, Science 241 :1077 (1988)); (iii) transcription amplification (see Kwoh et 
aL, Proc. NatL Acad. ScL USA 86:1 173 (1989)); (iv) self-sustained sequence replication (see 
Guatelli et aL, Proc. Nat. Acad. ScL USA, 87:1874 (1990)); and (v) nucleic acid based 
sequence amplification (NASBA) (see, Sooknanan, R. and Malek, L., BioTechnology 13: 
563-65 (1995)). Each of the foregoing references are incorporated by reference in their 
entirety for all purposes. 

B. Multiplexing 

1 195) The microfluidic devices provided herein can be utilized to conduct analyses 

in a variety of multiplexing format, thus allowing multiple analyses to be conducted 
simultaneously. Multiplexing in some formats involves preparing a microfluidic device that 
incorporates multiple devices of the designs described supra. Such devices are readily 
prepared according to the multilayer soft lithographic techniques described above. Even 
though a large number of the thermal cycling devices can be incorporated into a single 
microfluidic device, control of the multiple devices is not rendered unduly complicated. In 
fact, the different thermal cycling devices can be formed such that solution flow through each 
device can be driven by the same set of control charuiels. 

[1961 Multiplex amplifications can even be performed with a single thermal cycling 

device (e.g., as illustrated in FIGS. 1 and 2). This is accomplished, for example, by utilizing 
a plurality of primers, each specific for a particular target nucleic acid of interest, during the 
thermal cycling process. The presence of the different amplified products can be detected 
using differentially labeled probes to conduct a quantitative RT-PCR reaction or by using 
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differentially labeled molecular beacons (see supra). In such approaches, each differentially 
labeled probes is designed to hybridize only to a particular amplified target. By judicious 
choice of the different labels that are utilized, analyses can be conducted in which the 
different labels are excited and/or detected at different wavelengths in a single reaction. 
Further guidance regarding the selection of appropriate fluorescent labels that are suitable in 
such approaches include: Fluorescence Spectroscopy (Pesce ei al., Eds.) Marcel Dekker, 
New York, (1971); White et ai. Fluorescence Analysis: A Practical Approach, Marcel 
Dekker, New York, (1970); Berlman. Handbook of Fluorescence Spectra of Aromatic 
Molecules, 2"" ed.. Academic Press. New York. (1971); Griffiths. Colour and Constitution of 
Organic Molecules, Academic Press, New York, (1976); Indicators (Bishop, Ed.). Pergamon 
Press, Oxford. 19723; and Haugland. Handbook of Fluorescent Probes and Research 
Chemicals, Molecular Probes, Eugene (1992). 

(197] Array type devices such as those described in FIGS. 5 and 12 and 

accompanying text can be utilized to perform a very large number of amplification reactions 
at once. 

C. Immobilized Polymerase 
[1 98) In certain devices, polymerase can be immobilized to a flow channel surface 

within the temperature region al which primer extension occurs. In this way. one can avoid 
the polymerase enzyme becoming denatured in the high temperature zone. With such an 
approach, one could then utilize polymerases from non-thermophile organisms. Such 
attachment is not possible with other microfluidic configurations in which the enzyme is used 
in batch and is heated to high temperature (e.g., 95" C) in every cycle. 
1199] Treatment oflhe elastomenc device with HCl (O.IN. 30 min 80-^0 makes the 

polymer hydrophilic. This treatment breaks some of the Si-O-Si bonds in the silicone 
polymer used to form the device to create hydroxyl groups that are displayed on the surface 
of the channel. These hydroxyl groups can be derivatized with appropriate reagents (e.g. 3- 
Aminopropyltriethoxysilane) to introduce amino groups onto the surface. These amino 
groups can then be crosslinked with the amino groups of the protein using various coupling 
agents (e.g. glutardialdehyde). Alternatively, the polymerase enzyme can also be 
immobilized on the glass surface. A wide variety of methods for immobilizing proteins on 
different surfaces are described by Gordon. F Bickerstaff (Ed), 'immobilization of Enzyme 
and Cells," Humana Press Inc. 1997. 
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D. Immobilized Nucleic Acid 
1200) In a manner related to immobilization of polymerase within a temperature 

region of one of the microfluidic devices disclosed herein, nucleic acids can also be 
immobilized within the flow channels of the devices. Usually the nucleic acids are 
immobilized with a temperature zone or region at which reaction occurs (see, e.g., FIG. 1), or 
within a reaction chamber or junction (see, e.g., the matrix or array devices illustrated in 
FIGS. Sand 12). 

[201 1 The particular nucleic acid immobilized to the flow channel will depend upon 

the nature of the analysis being conducted. In the case of nucleic acid amplification 
reactions, the nucleic acid can be one that is to serve as a template or can be a primer. In 
other instances, nucleic acids are deposited within a flow channel or array junction to 
function as probes that hybridize to complementary target nucleic acids that are present 
within the flow channel or junctions (e.g., nucleic acid extension or amplification products 
that are formed). Binding between a probe and target nucleic acid can be detected by a 
variety of methods known in the art. In some instances, the nucleic acid probes are deposited 
to form a type of nucleic acid microarray v^^ithin a flow channel or junction. By depositing 
the nucleic acid probes in certain patterns, detection of the absence or presence of a particular 
target nucleic acid can be readily ascertained spatially, i.e, according to the location on the 
microarray at which a signal is generated. 

1202] Certain methods for immobilizing nucleic acids parallel the methods just 

described for immobilizing polymerase. Here, too, elastomeric surfaces can be treated with 
acid to form hydroxyl groups which can be reacted directly with activated nucleic acids or 
derivalized prior to reaction. Optionally, the activated surface is first reacted with a linker 
which is then joined to the desired nucleic acid. Use of a linker can minimize unwanted 
steric interferences. As an alternative to attaching the nucleic acid to an elastomeric surface, 
the nucleic acid can instead be attached to the substrate (e.g., glass) on which the elastomeric 
layer is placed. In this approach, the nucleic acid is spotted at an appropriate region on the 
substrate and then the elastomeric layer is overlayed on the substrate, such that the nucleic 
acid is positioned in the desired location of the device. 

1203] Further discussion regarding synthesis and deposition of nucleic acids to form 

arrays are discussed for example in the following references: Meier-Ewart, et al., Nature 
361:375-376 (1993); Nguyen. C. et aL, Genomics 29:207-216 (1995); Zhao, N. et al.. Gene, 
158:207-213 (1995); Takahashi, N., et al.. Gene 164:219-227 (1995); Schena. et al., Science 
270:467-470 (1995); Southern et al.. Nature Genetics Supplement 21:5-9 (1999); Cheung, et 
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al.. Nature Genetics Supplement 21 :15-19 (1999); Beaucage. Tetrahedron Lett., 22:1859- 
1862 (1981); Needham-VanDevanter, et al., Nucleic Acids Res., 12:61 59-6168 (1984); U.S. 
Pat. Nos. 5.143.854, 5.424.186. 5.744.305; PCT patent publication Nos. WO 90/15070 and 
92/10092; Fodor et al. Science 251:767-777 (1991); and Lipshutz, et al, Nature Genetics 
Supplement 21.20-24 (1999). 

E TntftPration with Other Micrn flnidic Components/Devices 
[2041 The microfluidic thermal cycling devices provided herein can be utilized in 

conjunction with a variety of other microfluidic elements such as pumps, valves, rotary 
pumps, separation modules and the like, particularly those manufactured from elastomeric 
materials such as the devices provided herein (see. e.g.. PCT publication WO 01/01025). The 
devices can also be incorporated into microHuidic devices designed to conduct high 
throughput screening or cell assays, for example. Examples of such microfluidic devices into 
which the present devices can be incorporated are described in U.S. provisional application 
entitled, "Apparatus and Methods for Conducting Cell Assays." having attorney docket 
number 020174-003210US, and filed on even date herewith, andU.S. Provisional application 
entitled "Apparatus and Methods for Conducting High Throughput Screening Assays." 
having attorney docket number 020 1 74-003220US, and filed on even date herewith, both of 
which are incorporated by reference in their entirely for all purposes. 

F. rombinations of Amoli firation Reactions 
(2051 The devices can also be utilized to amplify product amplified during a 

previous amplification process (e.g.. a prior PCR reaction). Thus, for example, the devices 
can be utilized to conduct nested PCR analyses in which the PCR product from one 
amplification reaction acts as template for a subsequent PCR utilizing primers that hybridize 
to segments within the amplified product. Reactions of this type are commonly used in 
various diagnostic applications. 

12061 A second PCR is also needed when performing a RT PCR. Here, an initial RT 

PCR typically is conducted to generate a full length cDNA fi-om a full length transcript. The 
resulting cDNA library or members thereof can subsequently be amplified to generate 
amplification products for use in cloning or for generation of hybridization probes. 



G. 
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12071 The inlets to flow channels on certain microfluidic devices are in 

communication with on-chip reservoirs or wells. However, in a microfluidic device requiring 
the loading of a large number of solutions, the use of a corresponding large number of input 
tubes with separate interfacing pins may be impractical given the relatively small dimensions 
of the fluidic device. In addition, the automated use of pipettes for dispensing small volumes 
of liquid is known, and thus it therefore may prove easiest to utilize such techniques to 
pipette solutions directly on to wells present on the face of a chip. 

(2081 Additionally, capillary action may not be sufficient to draw solutions from on- 

chip wells into active regions of the chip, particularly where dead-ended chambers are to be 
primed with material. In such embodiments, one way of loading materials into the chip is 
through the use of external pressurization. Again, however, the small dimensions of the 
device coupled with a large number of possible material sources may render impractical the 
application of pressure to individual wells through pins or tubing. 

[209J Accordingly, FIG. 1 6 shows an exploded view of a chip holder 1 600 designed 

to hold a chip such as those disclosed herein. Bottom portion 1602 of chip holder 1600 
includes raised peripheral portion 1604 surrounding recessed area 1606 corresponding in size 
to the dimensions of chip 1608, allowing microfluidic chip 1608 to be positioned therein. 
Peripheral region 1604 further defines screw holes 1610. 

[210| Microfluidic device 1608 is positioned within recessed area 1606 of bottom 

portion 1602 of chip holder 1600. Microfluidic device 1608 comprises an active region that 
is in fluidic communication with peripheral wells 1612 configured in first and second rows 
1612a and 1612b, respectively. Wells 1612 hold sufficient volumes of material to allow 
device 1608 to function. Wells 1612 may contain, for example, nucleic acid samples, primer 
solutions or various other reagents. 

(21 1 1 Top portion 1 61 4 of chip holder 1 600 fits over bottom chip holder portion 

1602 and microfluidic chip 1608 positioned therein. For ease of illustration, in FIG. 16 top 
chip holder portion 1614 is shown inverted relative to its actual position in the assembly. 
Top chip holder portion 1614 includes screw holes 1616 aligned with screw holes 1610 of 
lower holder portion 1602, such that screws 1618 may be inserted through holes 1616 to 
secure the chip 1608 between portions 1614 and 1602 of holder 1600. 
[21 2| Lower surface 1614a of top holder portion 1614 includes raised annular rings 

1620 and 1621 surrounding recesses 1622 and 1623, respectively. When top portion 1614 of 
chip holder 1600 is pressed into contact with chip 1608 utilizing screws 1618, rings 1620 and 

1621 press into the soft elastomeric material on the upper surface of chip 1608, such that 
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recess 1620 defines a first chamber over top row 1612a of wells 1612, and recess 1623 
defines a second chamber over bottom row 1612b of wells 1612. Holes 1624 and 1626 in the 
side of top holder portion 1614 are in communication with recesses 1620 and 1621 
respectively, to enable a positive pressure to be applied to the chambers through pins 1628 
and 1630 inserted into holes 1624 and 1626, respectively. A positive pressure can thus 
simultaneously be applied to all wells within a row, obviating the need to utilize separate 
connecting devices to each well. 

1213) In operation, solutions are pipetted into the wells 1612, and then chip 1608 is 

placed into bottom portion 1602 of holder 1600. The top holder portion 1614 is placed over 
chip 1 1608, and is pressed down by screws. Raised annular rings 1620 and 1621 on the 
lower surface of top holder portion 1614 make a seal with the upper surface of the chip where 
the wells are located. Solutions within the wells are exposed to positive pressures within the 
chamber, and are thereby pushed into the active area of microfluidic device. 
12141 The downward pressure exerted by the chip holder can also prevent 

delamination of the chip from the substrate during loading. This prevention of delamination 
may enable the use of higher priming pressures. 

(215) The chip holder shown in FIG. 16 represents only one possible structure. For 

example, a chip holder can also include a third portion which fits over control line outlet 
ports on the front or back side of the chip, thereby enabling the application of pressure to 
control lines to control valve actuation within the chip. In addition, while the holder 
described in FIG. 16 includes a window for viewing of the chip, this may not be necessary if 
the chip is to be removed from the holder once the chip filling process is complete. 
[2161 The chip holder can be equipped with heating elements to provide spatial and 

temporal temperature profile to the chip positioned therein. Such an alternative would 
eliminate the complexity and expense associated with incorporating heating elements directly 
onto a substrate that may be disposable. 

121 7] In the particular chip holder illustrated in FIG. 1 6, the top piece is pressed to 

the chip by turning screws. However, in alternative embodiments, the downward force could 
be applied through a press or robotic arm, thereby potentially eliminating the need for a 
bottom holder piece. 

|21 8) Furthermore, in the particular chip holder illustrated in FIG. 1 6, the airtight 

seal over the wells allowing application of a positive pressure is created by pressing the 
raised ring into the compliant top surface of the elastomer chip. However, a seal could be 
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created by the addition of flexible o-rings to the chip holder. Such o-rings would permit use 
of a chip holder with embodiments of microfluidic devices that feature a rigid top surface. 
(219] Finally, it is important to recognize that use of a chip holder structure in 

accordance with embodiments of the present invention is not limited to nucleic acid 
amplification, but enables loading of a large number of solutions onto a microfluidic chip for 
performance of a variety of applications. 

I220J Thus, in certain structures for applying pressure to a elastomeric microfluidic 

device comprise, a holder portion including a continuous raised rim on a lower surface 
thereof configured to contact a top surface of the microfluidic device and surround a plurality 
of material wells located therein. Contact between the raised rim and the top surface of the 
microfluidic device defines an airtight chamber over the rnaterial wells, an orifice in 
communication with the airtight chamber enabling application of positive pressure to the 
airtight chamber to drive the contents of the material wells into an active area of the 
microfluidic device. 

[221] Utilizing such holders, certain methods for priming a microfluidic device with 

a liquid material comprises loading a plurality of wells on an upper surface of a microfluidic 
device with a liquid material. A holder piece is biased against the upper surface such that a 
continuous raised rim of the holder piece presses against the upper surface surrounding the 
wells, such that an airtight chamber is created over the wells. A positive pressure is applied 
to the airtight chamber to drive the material from the wells into an active area of the 
elastomeric microfluidic stnicture. 

|2221 An embodiment of a method of actuating a valve within a microfluidic 

elastomer device comprises applying a holder piece having a continuous raised rim against a 
surface of a microfluidic device having a plurality of control line outlets to create an airtight 
chamber over the outlets. A positive or negative pressure is applied to the airtight chamber to 
control a pressure within the control line and thereby actuate a elastomeric valve membrane 
of the microfluidic device that is in communication with the control line. 

XI. Exemplarv Applications 
A. General 

[223) In some instances, the microfluidic devices described herein can be used as an 

analytical tool to amplify a target nucleic acid potentially present in a sample and then delect 
the amplified product to determine whether the target nucleic acid is present or absent in the 
sample. Thus, amplification serves to enhance the ability to detect target nucleic acids 
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present at low levels. When utilized in this manner, the devices can be used in a wide variety 
of different applications. For example, the devices can be used in various diagnostic 
applications that involve a determination of whether a particular nucleic acid is present in a 
sample. Hence, samples can be tested for the presence of a particular nucleic acid associated 
with particular pathogens (e.g., certain viruses, bacteria or fungi), for instance. The devices 
can also be utilized for identification purposes, such as in paternity and forensic cases. 
[2241 The methods and devices provided herein can also be utilized to amplify low 

levels of nucleic acid for further examination to detect or characterize specific nucleic acids 
that are correlated with infectious diseases, genetic disorders or cellular disorders (e.g., 
oncogenes associated with cancer). Genetic disorders are those that involve a specific 
deletion and/or mutation in genomic DNA. Examples of genetic diseases that can be detected 
include, but are not limited to, a- and P-thalassemia, cystic fibrosis and sickle cell anemia. 
Because the devices and methods disclosed herein can utilize very small sample volumes, 
they are useful in amplifying DNA samples obtained in conjunction with the prenatal 
diagnosis of genetic disease. 

[2251 However, the amplification reactions can also be utilized as just one step of a 

more extensive process involving the diagnostic testing for particular target nucleic acids and 
in preparing sufficient nucleic acid for use in various genetic engineering applications. 
Hence, amplified sample can be used in a number of post amplification manipulations and 
analyses. Examples of such post amplification processes and analyses include, but are not 
limited to, sequencing of amplified products, cell-typing, DNA fingerprinting and mapping of 
DNA sequences. 

[2261 Amplified products can also be generated for use in various genetic 

engineering applications. For instance, amplified product can be utilized to conduct 
recombination studies, in other applications, the devices are used to produce target DNA for 
insertion into a variety of vectors. Such vectors can then be used to transform cells for the 
production of desired products such as proteins, or nucleic acids in various therapeutic or 
biotechnological processes. 

B. Sequencing 

[2271 The devices can also be utilized to conduct sequencing reactions such as chain 

termination methods using dideoxynucleofides. Sequencing reactions utilizing the devices 
disclosed herein can be conducted in different formats. One approach is to conduct four 
separate sequencing reactions, a separate reaction being conducted in four different thermal 
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cycling devices as provided herein. Each of the four reactions contains target nucleic acid, a 
primer complementary lo the target, a mixture of one dideoxynucleotide (ddNTP) (optionally 
labeled) with its counterpart deoxynucleotide (dNTP), and the other three dNTPs. Thus, each 
one of the reactions is conducted with a different ddNTP/dNTP mix. Following completion of 
the primer extension reactions, the different sized extension products can be separated by 
capillary gel electrophoresis. This separation can be performed in a separation module as 
described supra that is integrated with the present devices or in a stand alone capillary gel 
electrophoresis apparatus. 

(2281 The devices can also be utilized in more streamlined formats in which 

reactions are conducted simultaneously in a single thermal cycling device using differentially 
labeled dideoxynucleotides. The resulting mixture of chain-terminated reaction products are 
then separated on a single capillary gel electrophoresis column. The identity of the 
dideoxynucleotide incorporated into the primer can be determined on the basis of the label. 

C. Restriction Digests 

|229] Restriction digests of nucleic acids can also be conducted with the present 

devices. Temperature control in such reactions initially involves controlling the temperature 
within the device at a temperature that promotes the activity of the restriction enzyme (e.g., 1- 
3 hours at 30 - 50° C depending upon the particular enzyme. The other temperature is 
selected to promote enzyme deactivation (e.g., 60^ C for 20 minutes). 

D. SNP Analyses 

[230] Analyses to determine the identity of a nucleotide present at a polymorphic 

site (i.e., the site of variation between allelic sequences) can also be conducted with certain of 
the present devices. Often these analyses are conducted using single base pair extension 
(SBPE) reaction. A number of SPBE assays have been developed, but the general approach 
^is quite similar. Typically, these assays involve hybridizing a primer that is complementary 
10 a target nucleic acid such that the 3' end of the primer is immediately 5' of the variant site 
or is adjacent thereto. Extension is conducted in the presence of one or more labeled non- 
extendible nucleotides that are complementary to the nuclcotide(s) that occupy the variant 
site and a polymerase. The non-extendible nucleotide is a nucleotide analog that prevents 
further extension by the polymerase once incorporated into the primer. If the added non- 
extendible nucleotide(s) is(are) complementary to the nucleotide at the variant site, then a 
labeled non-extendible nucleotide is incorporated onto the 3* end of the primer to generate a 
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labeled extension product. Hence, extended primers provide an indication of which 
nucleotide is present at the variant site of a target nucleic ac.d. Such methods and related 
nnethods are discussed, for example, in U.S. Patent Nos. 5.846.710; 6.004.744; 5,888.819; 
5.856.092; and 5.710,028; and in WO 92/16657. 

[231] Using devices as described herein, the temperature within a temperature 

control region can be selected to promote the primer annealing, primer extension and 
denaturation steps involved in these particular analyses, and thus allows these extension 
reactions to be conducted in a thermal cycling fonnat. 

E. Nnn-Nuclein Acid Analyses 
,2321 While the foregoing discussion of the matrix or array microfluidic devices has 

focused on their utility in conducting a large number of nucleic acid amplification reactions, 
it will be appreciated by those with ordinary skill in the art that such microHuidic devices can 
be utilized to conduct a w.de variety of types of reactions and screening methods. Thus, by 
way of illustration but not limitation, the devices can be utilized to conduct synthetic 
reactions between a plurality of reactants. Usmg the device shown in FIG. 12. for instance, a 
first set of reagents can be introduced into the horizontal flow channels, a second set of 
reagents can be introduced into the vertical flow channels that have an independent inlet; and 
a third reagent can be introduced into the vertical flow channels that are connected to the 
shared inlet. Using the metering technique discussed above, these various reagents can be 
combined within the junctions or reactant chambers for reaction. 

12331 '^^^ ^^^'"^ "^'^'^^'^ compounds for a desired activity. 

With the devices described in FIGS. 5 and 12 for example, typical screening methods involve 
introducing a set of test compounds into the horizontal flow channels, with another set of 
compounds, cells, vesicles or the like being introduced via the vertical flow cliannels. 
Mixing occurs at the junctions and the presence or absence of the desired activity can then be 
monitored at the junction. 

,2341 For instance, a wide variety of binding assays can be conducted utilizing the 

microfluidic devices disclosed herein. Interactions between essentially any ligand and 
antiligand can be detected. Examples of ligand/antiligand binding interactions that can be 
investigated include, but are not limited to. enzyme/ligand interactions (e.g., substrates, 
cofactors. inhibitors); receptor/ligand; antigen/antibody; protein/protein 
(homophilic/heterophilic interactions); protein/nucleic acid; DNA/DNA; and DNA/RNA. 
Thus, the assays can be used to identify agonists and antagonists to receptors of interest, to 



wo 02/081729 PCT/US02/10815 

57 

identify ligands able to bind receptors and trigger an intracellular signal cascade, and to 
identify complementary nucleic acids, for example. Assays can be conducted in direct 
binding formats in which a ligand and putative antiligand are contacted with one another or in 
competitive binding formats well known to those of ordinary skill in the art. Binding assays 
can be conducted in heterogenous formats, as well as homogenous formats. In the 
homogeneous formats, ligands and antiligands are contacted with one another in solution and 
binding complexes detected without having to remove uncomplexed ligands and antiligands. 
Two approaches frequently utilized to conduct homogenous assays are fluorescence 
polarization (FP) and FRET assays. 

(2351 Immunological assays are one general category of assays that can be 

perfomied with certainof the microfluidic devices disclosed herein. Some assays are 
conducted to screen a population of antibodies for those that can specifically bind to a 
particular antigen of interest. In such assays, a test antibody or population of antibodies is 
contacted with the antigen. Typically, the antigen is attached to a solid support. Examples of 
immunological assays include enzyme linked, immunosorbent assays (ELISA) and 
competitive assays as are known in the art. 

1236] A variety of enzymatic assays can be performed using sorne of the devices 

disclosed herin. Such enzymatic assays generally involve introducing an assay mixture 
containing the necessary components to conduct an assay into a flow channel or jucntion for 
reaction with an enzyme that is subsequently introduced. The assay mixtures typically 
contain the substrate(s) for the enzyme, necessary co factors (e.g., metal ions, NADH, 
NAPDH), and buffer, for example. If a coupled assay is to be performed, the assay solution 
will also generally contain the enzyme, substrate(s) and cofactors necessary for the enzymatic 
couple. 

(237) A number of different cell reporter assays can be conducted with the provided 

microfluidic devices. One common type of reporter assay that can be conducted include 
those designed to identify agents that can bind to a cellular receptor and trigger tlie activation 
of an intracellular signal or signal cascade that activates transcription of a reporter construct. 
Such assays are useful for identifying compounds that can activate expression of a gene of 
interest. Two-hybrid assays, discussed below, are another major group of cell reporter assays 
that can be performed with the devices. The two-hybrid assays are useful for investigating 
binding interactions between proteins. 

1238] Cells utilized in screening compounds to identify those able to trigger gene 

expression typically express a receptor of interest and harbor a heterologous reporter 
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construct. The receptor is one which activates transcription of a gene upon binding of a 
ligand to the receptor. The reporter construct is usually a vector that includes a 
transcriptional control element and a reporter gene operably linked thereto. The 
transcriptional control element is a genetic element that is responsive to an intracellular signal 
(e.g.. a transcription factor) generated upon binding of a ligand to the receptor under 
investigation. The reporter gene encodes a detectable transcriptional or translational product. 
Often the reporter (e.g., an enzyme) can generate an optical signal that can be detected by a 
detector associated with a microfluidic device. 

[239J In addition to the assays just described, a variety of methods to assay for cell 

membrane potential can be conducted with the microfluidic devices disclosed herein. In 
general, methods for monitoring membrane potential and ion channel activity can be 
measured using two alternate methods. One general approach is to use fluorescent ion 
shelters to measure bulk changes in ion concentrations inside cells. The second general 
approach is to use of FRET dyes sensitive to membrane potential. 
12401 Assays of cell proliferation can also be monitored with certain of the 

microfluidic devices disclosed herein. Such assays can be utilized in a variety of different 
studies. For example, the cell proliferation assays can be utilized in toxicological analyses, 
for example. Cell proliferation assays also have value in screening compounds for the 
treatment of various cell proliferation disorders including tumors. 

1241 1 The microfluidic devices disclosed herein can be utilized to perform a variety 

of different assays designed to identify toxic conditions, screen agents for potential toxicity, 
investigate cellular responses to toxic insults and assay for cell death. A variety of different 
parameters can be monitored to assess toxicity. Examples of such parameters include, but are 
not limited to, cell proliferation, monitoring activation of cellular pathways for toxicological 
responses by gene or protein expression analysis, DNA fragmentation; changes in the 
composition of cellular membranes, membrane permeability, activation of components of 
death-receptors or downstream signaling pathways (e.g., caspases), generic stress responses, 
NF-kappaB activation and responses to mitogens. Related assays are used to assay for 
apoptosis (a programmed process of cell death) and necrosis. 

[2421 By contacting various microbial cells with different test compounds, some of 

the devices provided herein can be used to conduct antimicrobial assays, thereby identifying 
potential antibacterial compounds. The term "microbe" as used herein refers to any 
microscopic and/or unicellular fungus, any bacteria or any protozoan. Some antimicrobial 
assays involve retaining a cell in a cell cage and contacting it with at least one potential 
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antimicrobial compound. The effect of the compound can be detected as any detectable 
change in the health and/or metabolism of the cell. Examples of such changes, include but 
are not limited to, alteration in growth, cell proliferation, cell differentiation, gene expression, 
cell division and the like. 

(2431 Additional discussion of biological assays that can be conducted with certain 

of the microfluidic devices disclosed herein is provided in commonly owned PCT application 
PCT/USO 1/44869, filed November 16, 2001. 

[244] The following examples are provided to describe in greater detail certain 

aspects of the methods and devices disclosed herein, 

EXAMPLE 1 

(2451 This example illustrates one method of fabricating a microfluidic device 

comprising a rotary microfluidic channel and a temperature controller (e.g., heater). 
[246] A glass slide was gas phase treated with HMDS and Shipley SJR 574 was . 

spun onto the glass slide. After photolithography and developing, tungsten was sputtered on 
the slide after removal of the photoresist (under the tungsten) with acetone. Contacts 
between the electrical lines rurming from the power supply and the heaters are made with 
conductive epoxy (Chemtronics, Kennesaw, GA). 

[247] A device having the configuration shown in FIG. 1 was prepared as follows. 

Air and fluid mother molds (for formation of control and flow channels, respectively) were 
fabricated on silicon wafers by photolithography. Photoresist (Shipley SJR5740) was spun 
onto the silicon substrate at spin rates-corresponding to the desired channel heights. After 
photolithography, intrusive channels made of photoresist were formed. Fluid channel molds 
were baked on a hot plate of 200°C for 30 minutes such that the photoresist could reflow and 
form a rounded shape, which is important for a complete valve closure (see, M.A. linger, et 
al. (2000) Science 288:1 13-1 16). A one minute trimethylchlorosilane (TMCS) vapor 
treatment was applied to these molds before each RTV replication process to prevent 
adhesion of cured RTV to the photoresist. With this protective coating, molds can be reused 
many times. 

1248] 30:1 GE-RTV 615A:615B was spun on a fluid channel mold al 2,000 RPM, 

which covers the photoresist charmel and leave a thin membrane on top of it. At the same 
time, 3:1 GE-RTV 615A:615B was poured onto an air channel mold. After baking both in an 
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oven of 80"C for 20 minutes, the block of 3:1 RTV with air channels at the bottom was 
peeled off from the second mold. Air supply through-holes were punched. Aligned to the 
fluid pattern under a microscope, it was then pressed against the thin 30:1 RTV on the first 
mold. A post-bake of an hour at 80»C made the two silicone pieces chemically bond to each 
other. Afler peeling it off from the mold and punching the fluid through-holes, the 
monolithic RTV device was subjected to an HCl treatment (O.I N. 30 min. at 80° C). This 
treatment breaks some Si-O-Si bonds and displays them on the surface of the channel. This 
helps make the polymer more hydrophilic, thereby enhancing solution flow through the 
channel. The monolithic device was then hermetically sealed to the glass cover slip upon 
which the heaters had previously been sputtered. 

[2491 As illustrated in FIG. 1 . samples containing or potentially containing target 

nucleic acids (e.g., DNA), amplification reagents and agents for detection of unreacted 
reagents and/or products can enter from the two branches of the top T-channel. On/off states 
of each microvalves can be controlled by external pneumatic valves (Lee LHDA121 HUH) 
which either apply 100-kPa air pressure to the microvalves or vent them to the atmosphere. 
A maximum cycling frequency of 75 Hz has been demonstrated with complete opening and 
closing of the valves (see, e.g., L.C. Waters, et al. (1998) Analytical Chemistry., 70:158). 

EXAMPLE 2 

[2501 This method illustrate another method of fabricating a microfluidic device 

comprising a rotary microfluidic channel and a temperature controller (e.g., heater). 
[2511 The rotary microfluidic devices were fabricated by multilayer soft lithography 

techniques (Unger, M. A. et al., Science, 288:1 13-1 16 (2000); Chou, H.P. et al., Proceedings 
of the Solid State Sensor and Actuator Workshop, Hilton Head. S.C. (2000)). The channel 
pattern of the device is shown in FIG. 7A. As can be seen, the device 700 includes a circular 
flow channel 702 in fluid communication with an inlet 704 and an outlet 706. The flow 
channel 702 overlays three resistive heaters 708a. 708b and 708c. each defining a different 
temperature region and having a different length. S-shaped control channels 710a and 710b 
overlay the circular flow channel 702 to form pumps for flowing fluid through the circular 
flow channel 702. The control channels 712a and 712b overlaying the inlet 704 and outlet 
706 serve to introduce and withdraw solution from the main flow channel. 
(2521 The masks for making the flow channel were printed on transparency films by 

a high resolution printer (3556 dpi). Photoresist (Shipley SJR5740) was spun onto the silicon 
wafer, which had been pretreated with HDMS. at 3000 RPM for 60 seconds. After 
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preheating at 90 °C for 1 hour, the channel pattern was exposed onto the wafer with a mask 
ahgner (Karl Suss). The pattern was developed by 5:1 (v/v) developing solution (Shipley 
2401). Then the wafer was put onto a hot plate for 30 min to round the remaining 
photoresist. 

(253| As represented in FIG. 7B, 20:1 RTV 615(GE) was spun on a flow channel 

mold at 2,000 RPM; while 5:1 RTV (GE) was spun on a control channel mold, then 10:1 
RTV (GE) was poured onto it. After baking them in an oven of 80 °C for 1 .5 hour, the RTV 
block on the latter mold was peeled off to punch air supply vias. Then it was aligned and 
pressed against the thin RTV layer on the former mold. After a post-bake at 80 °C for 2 
hours, the multilayer RTV was peeled off the mold to punch fluid vias. Finally, the device 
was made by sealing the multilayer RTV onto a glass coverslip at 80 °C for 2 hours. 
[254] The on-chip valves were actuated with a pneumatic controller supplied by . 

Fluidigm, Inc. The Fluid Controller system allowed selective actuation of valves to seal off 
the loop as well as peristaltic pumping at variable rates within the loop. Typical actuation 
pressures were 10 psi; the pumping frequency was 30 Hz. 

(255) The pattern of heaters is shown in FIG. 7B. They were made of thin layers of 

tungsten (heating component) and aluminum (electrical leads) sputtered onto a glass 
microscope slide. Similar to the fluidic fabrication, a negative pattern of photoresist was 
developed onto a piece of a glass microscope slide (40mm x 26mm x 1.1mm). Then a thin 
layer (-500 Angstroms) of tungsten was deposited on the sample by a DC sputter system. 
After that, acetone was used to clean off the remaining photoresist in order to get the 
designed tungsten pattern. The procedure was repeated in order to sputter another thin layer 
of aluminum as the electrical leads for the heater. 

(2561 The heaters were calibrated via a two step process. After the fluidic device 

was attached to the heaters, thermochromic liquid crystals (TLC) were pumped into the 
channels of the device. The TLC were then imaged at various heater currents with a color 
camera (KR222, Panasonic) and a stereomicroscope (ASA012-3449, Japan). The 
temperature response of the TLC were separately calibrated with a thermistor and hot plate. 
Briefly, images of the beads were digitized and average hues of the beads were calculated, 
with outliers discarded. Hue and temperature have a fairly linear relationship from 75-100 
degrees, sufficient to determine the denaturing temperature. The lower annealing/extension 
temperature was extrapolated from this curve. 

|257| During Taqman PCR, the denaturing temperature was set at 95X, and the 

annealing temperature at 60°C. Two independent resistive heaters were used to heat the 



wo 02/081729 PCT/US02/10815 



62 



microchip to set temperatures. The output power of the heaters was adjusted by the voltage: 
around 380mW (12.6V) and 75mW(7.0V), respectively. 

EXAMPLE 3 

12581 This example illustrates Taqman PCR assay using the microfluidic device of 

Example 2 having two distinct temperature zones. 

|259| The Taqman PCR technique exploits the 5*-3' nuclease activity of AmpliTaq 

Gold DNA polymerase to allow direct detection of PCR product by the release of a 
fluorescent reporter during PCR (Protocol of TaqMan PCR Reagent Kit with AmpliTaq Gold 
DNA Polymerase, Applied Biosystems. http://www.appliedbiosystems.com. (2001)). An 
advantage of using this kit is that the increase in fluorescence during PCR quantitatively 
reflects the amount of product created. The probe was an oligonucleotide containing a report 
dye, 6-carboxy fluorescein (FAM) in the 5 'end and a quencher dye, 6- 
carboxytetramethylrhodamine, in the 3' end. The excitation wavelength was 488 nm, while 
the emission wavelength of the reporter dye and quencher dye were 518 nm and 582 nm, 
respectively. The template. Human DNA Male, was provided with the kit. The target was 
poruon of the p-actin gene; forward primer and reverse primer were the following: 5*-TCA 
CCC ACA CTG TGC CCA TCT ACG A-3' and 5-'CAG CGG AAC CGC TCA TTG CCA 
ATG G-3', respectively. A segment of DNA about 294 bp was amplified. Typical PCR 
reagent conditions were as follows (50- ^iL volumes): template, 0.1 ng/nL; primers, 300 nM; 
Mg'\ 3.5 mM.; dATP. 200 nM; dCTP. 200 ^M; dGTP, 200 ^iM; dUTP, 400 [.iM; AmpliTaq 
Gold. 0.025 U/^iL; AmpErase UNG, 0.01 U/^L; Probe, 200 nM. A benchtop PCR machine 
(PTC200 Peltier Thermal Cycler, MJ Research) was used to check the Taqman PCR kit by 
the manufacturer's protocol: 2 minutes at 50 "C; 10 minutes at 95 »C; 40 cycles: 1 5 seconds at 
95 "C; 1 minute at 60 "C. 

[2601 Figures 8 and 9A show the emission spectrum and gel electrophoresis results, 

respectively, of the PCR product by ordinary PCR machine. The emission spectra in Figure 8 
show the sample and the negative control (no template). The fluorescent peak at 525 nm 
appears in the sample with the template, while there is no peak for the control. In Figure 9A, 
lane 1 (left) is that of human P-actin Taqman PCR amplicon: 123 bp DNA ladder; lane 
3(middle) is that of a sample; and lane 5 (right), which is nearly invisible is no template 
control. 
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EXAMPLE 4 

[261] This example illustrates Taqman PCR assay using the micro fluidic device of 

Example 2 having three temperature zones. 

|262j A segment ( 1 99-bp) of X phage DNA was selected for amplification; forward 

primer and reverse primer were the following: 5'-GGT TAT CGA A AT CAG CCA CAG 
CGC C-3' and 5'-GGA TAC GTC TGA ACT GGT CAC-3', respectively (Khandurina, J. et 
al., Anal. Chem., 72:2995-3000 (2000)). Typical PCR reagent conditions were as follows 
{ l00-|iL volumes): template, 2 ng/(.iL; primers, 500 nM; Mg^"", 1 .5 mM; dNTP, 200 |iM; Taq 
polymerase, 0.025 U/)liL (Qiagen); An intercalating dye, Sybr Green 1 (Molecular Probes), 
was added to the. reagent mixture using a 1:10,000 dilution of the stock reagent. 
[2631 For amplification by benchtop PCR machine, the temperature steps were set as 

follows: 2 minutes at 94 °C; 30 cycles: 30 seconds at 94 °C; 30 seconds at 55 °C; 1 minute at 
72 °C; and 10 minutes at 72 °C finally. Figure 9B shows the gel electrophoresis result of the 
PCR product of X phage DNA by this method. In Figure 9B, lane 1 (left) is that of 1 23 bp 
DNA ladder; lane 2(middle) is that of A.-DNA amplicon; and lane 3 (right) is that of no 
template control. The sample and the control were displayed in 2% Agarose gel (Model 1 A, 
easy-cast^^). All samples were treated with Sybr Green 1 stain. The picture was taken by the 
Kodak electrophoresis documentation and analysis system. 

EXAMPLE 5 

(264| This example illustrates real-time measurement of PCR products using a 

microfluidic device of Example 2. 

|265| After having injected the reagent mixture into the microchip, the rotary 

microfluidic charmel (i.e., loop) circulation was operated with the Fluid Controller (Fluidigm) 
and turned on the power supply for the heaters. The fluorescence change inside the channel 
was imaged by a high resolution camera (ST-7, Santa Babara Instruments Group) assembled 
on a fluorescence microscope (1X50, Olympus) every a few minutes during the process of 
PCR. The filters (Chroma) in the fluorescence microscope were chosen as follows: Exciter, 
HQ 470/40x; Dichroic, Q 495LP; Emitter, HQ 525/50m. The snap pictures were analyzed 
with the CCDOPS (SBIG) software. 

(2661 As shown schematically in Figure 7, the flow channel is a central loop (i.e., 

rotary microfluidic channel) with an inlet and an outlet. In this particular example, the 
channel width of the central loop is asymmetrical: 120 mm on the left; 70 |,im on the right. In 
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such a pattern, the fluid velocities in the two parts are different from each other. Therefore, 
the time that the fluid resides in different temperature zones can be adjusted either by the 
width offlow channel or the length of the heater. The fluid motion in the channel was 
characterized by using a solution of 2.5 ^trn beads. In order to mimic the actual conditions of 
the assay, we used the same concentration of Taqman PCR buffer and Human DNA (male) in 
the bead solution. At room temperature, the speed of beads was about 3.4 mm/second in the 
narrow channel and 1 .5 mm/second in the wide channel. However, it was slowed down to 
25%-30% of the above velocity when the device was run at its operating temperatures, 
resulting in about 20-30 seconds per full cycle. 

[2671 the control layer, three separate valves were used to create the peristaltic 

pump. Alternatively, one S-shaped valve can also accomplish the same peristaltic pumping 
as three separate valves. In addition, the S-shape channels provide more secure closing of the 
inlet and outlet than a single channel. 

12681 In each of the experiments one portion of the flow channel was selected to 

observe the fluorescence change. The CCDOPS soflware provided a way to get the intensity 
values inside the channel and outside the channel by sampling the different regions of the 
picture. The intensity value outside the channel was subtracted as a measure of the 
background. 
Spatial Cycling 

12691 The microfluidic device described above was used in the spatial cycling mode . .. ... 

to amplify a fragment of the human p-actin gene using the Taqman assay. After running the 
rotary pump in the microchip for about 10 minutes, a rapid increase in fluorescence was 
observed. As shown in Fig 1 0, there was a more than four fold increase in fluorescence 
intensity in the presence of the sample template, while the no-template control remained flat. 
In Figure 10, dot represents sample and square represents no template control. The curves 
are a guide for the eye. 

1270) Calibration experiments showed that the recorded increase in fluorescence was 

comparable to that of 30-35 cycles of PCR product by a benchtop PCR machine (PTC200 
Peltier Thermal Cycler. MJ Research) (Fig 10). 

[271 J The microfluidic device was also used to perform a three temperature PCR 

assay in which the creation of product was directly monitored by observing the product via an 
intercalating dye. The reagents were pumped through three different temperature zones as 
follows: denaturing (94°C) and annealing (55X) extension (72°C). A fragment of X DNA 



wo 02/081729 PCT/US02/10815 

65 

was amplified by Taq Polymerase while the PCR product was investigated with Sybr Green L 
Figure 1 1 A shows the fluorescence difference before and after PCR process, and indicates 
that some amplification occurs relative to the no template control. Figure 1 1 A shows 
nuorescence measured in the channel before and after 40 minutes of pumping, where the dark 
bar represents PCR process with DNA template and the white bar represents control without 
template. 
Temporal Cycling 

|272] The same segment of ^ phage DNA was amplified using the microfluidic 

described above. After having injected the reagent mixture into the microfluidic device, the 
inlet and outlet valves were closed. The central loop was heated and cooled repeatedly 
without circulating the sample within the loop. The heaters were calibrated to the set 
temperatures by choosing a set of voltages; the temperature steps were as follows: 15 seconds 
at 94 ^C; 30 seconds at 55 °C; and 30 seconds at 72 °C. Each cycle took about 6 minutes and 
23 cycles were conducted in the experiment. The change of fluorescence during PCR was 
monitored by the same setup every a few cycles. The fluorescence increased dramatically 
during the experiment as shown in Figure 1 IB. 

[273J It is understood that the examples and embodiments described herein are for 

illustrative purposes only and that various modifications or changes in light thereof will be 
suggested to persons skilled in the art and are to be included within the spirit and purview of 
this application and scope of the appended claims. All publications, patents; and patent 
applications cited herein are hereby incorporated by reference in their entirety for all 
purposes to the same extent as if each individual publication, patent or patent application 
were specifically and individually indicated to be so iiicorporated by reference. 
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WHAT IS CLAIMED IS; 

1 . A microfluidic device, comprising: 

(a) a substrate comprising an elasiomeric material; 

(b) a flow channel disposed within the substrate, the flow channel 

configured such that a sample introduced into the flow channel 

can be cycled around the flow channel; and 

comprising a plurality of temperature regions at which 
temperature can be regulated, each temperature region located at a different location along 
the flow channel; 

(c) an inlet in fluid communication with the flow channel via which the 
sample can be introduced into the flow channel; and 

(d) a temperature controller operatively disposed to regulate temperature 
within at least one of the plurality of temperature regions. 

2. The micronuidic device of claim I, further comprising a pump 
operatively disposed to transport fluid through the flow channel. 

3. The microfluidic device of claim 1 , further comprising one or more 
control channels, and wherein the pump comprises one or more of the control channels, each 
of the control channels of the pump formed within an elastomeric material and separated 
from the flow channel by a section of an elastomeric membrane, the membrane being 
deflectable into or retractable from the flow channel in response to an actuation force applied 
to the control channel. 

4. The microfluidic device of claim 1 , wherein the flow channel is 
substantially circular. 

5. The microfluidic device of claim 4, wherein at least one of the 
temperature regions differs in length from the other temperature regions. 

6. The microfluidic device of claim 4, wherein the size of the 
substantially circular flow channel is enlarged in the plurality of temperature regions relative 
to the regions of the substantially circular flow channel outside of the plurality of temperature 
control regions. 
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7. The microfluidic device of claim 4, further comprising a pump 
operatively disposed to transport fluid through the substantially circular flow channel, and 
one or more control channels, and wherein the pump comprises one or more of the control 
channels, each of the control channels of the pump formed within an elastomeric material and 
separated from the substantially circular flow channel by a section of an elastomeric 
membrane, the membrane being deflectable into or retractable from the substantially circular 
flow channel in response to an actuation force applied to the control channel. 

8. The microfluidic device of claim 1, further comprising a plurality of 
reaction chambers disposed along the flow channel and in fluid communication therewith, 
and wherein each reaction chamber is located within one of the temperature regions. 

9. The microfluidic device of claim 8, further comprising a plurality of 
control channels, each formed within an elastomeric material and separated from one of the 
reaction chambers by an elastomeric membrane, the membrane being deflectable into one of 
the reaction chambers in response to an actuation force applied to the control channel; and 

wherein the sample can be transported between the reaction chambers by 
actuation of the control channels. 

10. The microfluidic device of claim 9, wherein the plurality of reaction 
chambers are in fluid communication such that substantially all of the sample within the 
plurality of reaction chambers is collected at one of the plurality of reaction chambers upon 
actuation of the control channels associated with the other reaction chambers. 

1 1-. The microfluidic device of claim 9, wherein there are three reaction 
chambers, each reaction chamber being in fluid communication with the other two chambers. 

12. The microfluidic device of claim 8, further comprising an outlet that is 
in fluid communication with one of the plurality of reaction chambers, and wherein the inlet 
is in fluid communication with one of the plurality of reaction chambers. 

13. The microfluidic device of claim 1 , wherein the temperature controller 
is selected from the group consisting of a Peltier device, a resistive heater, a heat exchanger 
and an indium tin oxide element. 
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1 4. The microfluidic device of claim 1 , wherein a single temperature 
controller regulates temperature at all of the temperature regions. 

15. The microfluidic device of claim 1 , wherein the temperature controller 
is one of a plurality of temperature controllers, each temperature controller separately 
regulating temperature at a different temperature region. 

1 6. The microfluidic device of claim 1 , wherein one or more nucleic acids 
are immobilized within one or more of the temperature regions. 

1 7. The microfluidic device of claim 1 , wherein a polymerase is 
immobilized within one or more of the temperature regions. 

18. The microfluidic device of claim 1 , wherein there at least two 
temperature regions. 

19. The microfluidic device of claim 1 8, wherein there are at least three 
temperature regions. 

20. A microfluidic device, comprising 

(a) a substantially circular microfabricated flow channel in fluid 

communication with an inlet; 

(b) a plurality of temperature regions, each region located at a 
different location along the substantially circular flow channel; and 

(c) a temperature controller operatively disposed to regulate the 
temperature within at least one of the plurality of temperature regions. 

21. A method for conducting an analysis, the method comprising: 
(a) providing a microfluidic device, comprising 

(i) a substrate comprising an elastomeric material; 

(ii) a flow channel disposed within the substrate, the flow 

channel 

configured such that a sample introduced into the flow 
channel can be cycled around the flow charmel; and 
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comprising a plurality of temperature regions at which 
temperature can be regulated, each temperature region located at a different location along 
the flow channel; 

(b) introducing a sample into the flow channel; and 

(c) transporting the sample between the different temperature 

regions. 

22. The method of claim 21, wherein the flow charmel is substantially 

circular. 

23. The method of claim 21, wherein the microfluidic device further 
comprises a plurality of reaction chambers disposed along the flow channel and in fluid 
communication therewith, and wherein 

each reaction chamber is located within one of the temperature regions; and 
the transporting step comprises repeatedly transporting the sample through the 
plurality of reaction chambers. 

24. The method of claim 21, wherein the sample is transported through 
two temperature regions, each ait a different temperature. 

25. The method of claim 21, wherein the sample is transported through at 
least three temperature regions, each at a different temperature. 

26. The method of claim 21, wherein the sample comprises a target nucleic 
acid and the introducing step comprises introducing one or more components for conducting 
a nucleic acid amplification reaction. 

27. The method of claim 26, wherein the sample and the one or more 
components are repeatedly transported through the flow channel, whereby the sample and the 
one or more components are exposed to the temperature regions multiple times and an 
amplified product is formed. 

28. The method of claim 27, further comprising detecting the amplified 

product. 

29. The method of claim 28, wherein the amplified product bears a 
detectable label and the detecting step comprises detecting the label. 
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30. The method of claim 29, wherein the label is selected from the group 
consisting of a nuorophore, a chromophore, a radioisotope, a luminescent agent, a mass label, 
an enzyme conjugated to a nucleic acid, and a magnetic agent. 

31. The method of claim 28, wherein the detecting step comprises 
contacting the amplified product with a label such that the amplified product becomes 
labeled. 

32. The method of claim 3 1 , wherein the label is a interchelating dye. 

33. The method of claim 3 1 , wherein the label is a molecular beacon. 

34. The method of claim 28, wherein the amplified product is detected by 
conducting a quantitative PGR assay. 

35. The method of claim 28, wherein the amplified product is detected by 
conducting capillary gel electrophoresis. 

36. The method of claim 28, wherein detecting comprises measuring 
capacitance of a solution containing amplified product. 

37. The method of claim 28, wherein the microfluidic device further 
comprises a separation module in fluid communication with the flow channel, and wherein 
the method further comprises transporting a mixture containing amplified product from the 
flow channel to the separation module and separating amplified product from other 
components in the mixture prior to the detection step. 

38. The method of claim 37, wherein separating comprises performing 
capillary gel electrophoresis. 

39. The method of claim 27, wherein the sample comprises a plurality of 
target nucleic acids and a plurality of amplified products are formed. 

40. The method of claim 39, wherein the plurality of amplified products 
are detected by differentially labeling the amplified products. 

41. The method of claim 40, wherein the amplified products are 
differentially labeled by contacting the amplified products with a plurality of molecular 
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beacons, each of the molecular beacons being complementary to a different amplified 
product. . 

42. The method of claim 39, wherein the amplified products are detected 
by conducting quantitative PCR with a plurality of sets of primers and probes, each set 
comprising a primer and probe complementary to a segment of one of the amplified products. 

43. The method of claim 39, the method further comprising separating the 
plurality of extension products by capillary gel electrophoresis. 

44. The method of claim 21, wherein a polymerase enzyme is immobilized 
within one or more of the temperature regions, whereby during transport the sample and the 
one or more components are brought into contact with the immobilized polymerase. 

45. The method of claim 21, wherein the flow channel one or more nucleic 
acids are immobilized within one or more of the temperature regions such that when the 
sample is transported through the temperature regions the sample and the one or more 
components are brought into contact with the one or more nucleic acids. 

46. The method of claim 21, wherein the sample comprises a target nucleic 
acid and the introducing step comprises introducing one or more components for conducting 
a sequencing reaction. 

47. The method of claim 21, wherein the sample comprises a target nucleic 
acid and the introducing step comprises introducing one or more components for conducting 
a quantitative PCR analysis. 

48. The method of claim 2 1 , wherein the micro fluidic device further 
comprises a pump operatively connected to the flow channel, and the sample is repeatedly 
transported through the flow channel under the action of the pump. 

49. A microfluidic device, comprising 

(a) a substrate comprising an elastomeric material; 

(b) a first plurality of flow channels formed within the substrate; 

(c) a second plurality of flow channels, each formed within the 
substrate and in fluid communication with an inlet, the second flow channels intersecting the 
first flow channels to define an array of reaction chambers; 
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(d) isolation valves selectively actuatable to block flow between 
junctions along at least one of the first and second flow channels, and to regulate solution 

flow to the reaction chambers; and 

(e) a plurality of temperature regions located along each of the 

second plurality of microfabricated flow channels; and 

(f) a temperature controller operatively disposed to regulate 
temperature at one or more of the temperature regions. 

»■ 50. The microfluidic device ofclaim 49, wherein 

the first plurality of flow channels are parallel to one another and the 
second plurality of flow channel are parallel to one another but orthogonal to the first 
plurality of flow channels, thus defining the array of reaction chambers; and 

at least one of the isolation valves is disposed within each of the first 
and second plurality of flow channels to regulate solution flow therethrough. 

51 . The microfluidic device ofclaim 50, wherein a set of the first plurality 
of flow channels are m fluid communication with a shared inlet such that sample introduced 
into the shared inlet flows into each of the flow channels of the set. 

52. The microfluidic device of claim 5 1 , wherein the set of flow channels 
that are in fluid communication with the shared inlet includes every other flow channel of the 
first plurality of microfabricated flow channels. 

53. The microfluidic device of claim 49, further comprising one or more 
control channels, and wherein one or more of the isolation valves comprises an elastomeric 
membrane that separates the microfabricated flow channel upon which it acts from one of the 
control channels, the elastomeric membrane able to be deflected into or retracted from the 
flow channel upon which it acts in response to an actuation force. 

54. The microfluidic device of claim 53, wherein the isolation valves 
comprise at least one first isolation valve and at least one second isolation valve, the first and 
second isolation valve having differing activation thresholds. 

55. The microfluidic device ofclaim 54, wherein the elastomeric 
membrane of the first isolation valve is wider than the elastomeric membrane of the second 
isolation valve. 
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56. The microfluidic device of claim 54, wherein 

the elastomeric membrane of each of the first and second valves is located at 
an intersection formed between one of the microfabricated control channels and the flow 
channel upon which the first or second valve acts; and 

the control channel at the intersection at which the first valve is located is 
wider than the control channel at the intersection at which the second valve is located. 

57. The microfluidic device of claim 54, wherein each of the reaction 
chambers disposed along at least one of the plurality of second microfabricated flow channels 
are separated from one another by at least two first isolation valves or at least two second 
isolation valves. 

58. The microfluidic device of claim 49, wherein the plurality of 
temperature regions each comprise one of the reaction chambers. 

59. The microfluidic device of claim 49, wherein a single temperature 
controller regulates temperature at each of the reaction chambers. . 

60. The microfluidic device of claim 49, wherein the temperature 
controller is one of a plurality of temperature controllers, each temperature controller 
separately regulating temperature at a difierent reaction chamber. 

6 1 . The microfluidic device of claim 49, wherein the temperature 
controller is selected from the group consisting of a Peltier device, a resistive heater, a heat 
exchanger and an indium tin oxide element. 

62. ' The microfluidic device of claim 49, wherein the temperature 
controller comprises a microfluidic chamber adapted to contain heated fluid and configured 
to be placed adjacent a face of the substrate. 

63. The microfluidic device of claim 62, wherein the temperature 
controller comprises 

(i) a pair of spaced apart plates that are joined to one another by a fluid 
tight separation material located along the periphery of the plates, the space between the 
plates defining the microfluidic chamber, and the separation material defining the sides of the 
temperature controller; 
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(ii) at least one inlet through which fluid can be introduced into the 

chamber; and 

(iii) at least one outlet through which fluid can exit the chamber, the outlet 
being located at a second end region opposing the first end region. 

64. The microfluidic device of claim 49. further comprising at least two 
pumps, one pump operatively connected to the first plurality of flow channels to transport 
solution therethrough and a second pump operatively connected to the second plurality of 
flow channels to transport solution therethrough. 

65. The microfluidic device of claim 49, wherein a polymerase enzyme is 
immobilized within one or more of the reaction chambers. 

66. The microfluidic device of claim 49, wherein one or more nucleic 
acids are immobilized within one or more of the reaction chambers. 

67. A method for conducting an analysis, the method comprising: 
(a) providing a microfluidic device, comprising 

(i) a substrate comprising an elastomeric material; 

(ii) a first plurality of flow channels formed within the 

substrate; 

(iii) a second plurality of microfabricaled flow channels 
fomied within the substrate and in fluid communication with an inlet, the second flow 
channels intersecting the first flow channels to define an array of reaction chambers; 

(iv) isolation valves selectively actuatable to block flow 
between reaction chambers along at least one of the first and second flow channels, and to 
regulate solution flow to the reaction chambers; and 

(b) introducing a sample and one or more reactants into the 
reaction chambers by selective actuation of one or more of the isolation valves, whereby 
reaction between the sample and the one or more reactants can occur: and 

(c) heating regions of the microfluidic device to promote reaction 
between the sample and the one or more reactants within the reaction chambers. 

68. The method of claim 67, wherein introducing comprises pumping 
sample and/or the one or more reactants into the reaction chambers for reaction. 
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69. The method of claim 67, wherein introducing comprises introducing 
the sample and the one or more reactants into the first and second plurality of flow channels 
and then actuating the isolation valves to allow the sample and the one or more reactants to 
mix by diffusion within the reaction chambers. 

70. The method of claim 67, wherein 

the first plurality of flow channels are parallel to one another and the 
second plurality of flow channel are parallel to one another but orthogonal to the first 
plurality of flow channels, thus defining the array of reaction chambers; and 

at least one of the isolation valves is disposed within each of the first 
and second plurality of flow channels to regulate solution flow therethrough. 

7 1 . The method of claim 70, wherein 

a set of the first plurality of flow channels are in fluid communication with a 
shared inlet, the flow channels within the set including every other flow channel of the first 
plurality of flow channels; 

introducing comprises introducing the sample into the flow channels that are 
not within the set of flow channels and introducing the one or more reactants into the shared 
inlet, whereby flow channels containing samples alternate with flow channels containing 
reactant. 

72. The method of claim 71, wherein introducing further comprises 
selectively actuating the isolation valves to allow sample and reactants in adjacent flow 
channels to mix by diffusion. 

73. The method of claim 72, wherein the sample is a sample containing a 
nucleic acid and the one or more reactants is polymerase. 

74. The method of claim 67, wherein 

the microfluidic device is positioned in a holder that is configured to form an 
air tight chamber over an inlet to each of the first plurality of flow channels; and 

introducing comprises placing the sample and/or the one or more reactants 
into the inlets to the first plurality of flow channels and then pressurizing the airtight 
chamber. 
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75. The method of claim 67, wherein heating comprises exposing the 
reaction chambers to a temperature cycle to promote reaction between the sample and the one 
or more reactants within the reaction chambers. 

76. The method of claim 67, wherein heating is controlled by a 
temperature controller, a single temperature controller regulating the temperature at each of 
the reaction chambers. 

77. The method of claim 67, wherein heating is controlled by a plurality of 
temperature controllers, different controllers regulating the temperature at different reaction 
chambers. 

78. The method of claim 67, wherein introducing comprises introducing a 
sample into each of the first plurality of flow channels and introducing a reactant into each of 
the second plurality of flow channels. 

79. The method of claim 78, wherein the sample comprises a target nucleic 
acid and the one or more reactants comprise one or more components for conducting a 
nucleic acid amplification reaction. 

80. The method of claim 70, wherein the sample introduced into the first 
plurality of flow channels each contain a nucleic acid and the reactant introduced into the 
second plurality of flow channels is a component of a nucleic acid amplification or 
sequencing reaction. 

8 1 . The method of claim 79, wherein heating comprises exposing the 
target nucleic acid and the one or more components to a temperature cycle such that an 
amplified product is formed within the reaction chambers. 

82. The method of claim 81, further comprising detecting amplified 
product formed with the reaction chambers. 

83. The method of claim 82, wherein the amplified product bears a 
detectable label and the detecting step comprises detecting the label. 
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84. The method of claim 83, wherein the label is selected from the group 
consisting of a fluorophore, a chromophore. a radioisotope, a luminescent agent, a mass label, 
an enzyme conjugated to a nucleic acid, and a magnetic agent. 

85. The method of claim 82, wherein the detecting step comprises 
contacting the amplified product with a label such that the amplified product becomes 
labeled. 

86. The method of claim 85, wherein the label is a interchelating dye. 

87. The method of claim 85, wherein the label is a molecular beacon. 

88. The method of claim 82, wherein the amplified product is detected by 
conducting a quantitative PGR assay. 

89. The method of claim 82, wherein detecting comprises measuring 
capacitance of a solution containing amplified product. 

90. The method of claim 82, wherein the sample introduced into each 
reaction chamber comprises a plurality of target nucleic acids and a plurality of amplified 
products are formed. 

9 1 . The method of claim 79, wherein a polymerase enzyme is immobilized 
within the reaction chambers, whereby during the introduction step, the target nucleic acid 
and the one or more components are brought into contact with the immobilized polymerase. 

92. The method of claim 79, wherein one or more nucleic acids are 
immobilized within the reaction chambers, whereby during the introduction step, the sample 
and the one or more reactants are brought into contact with the immobilized nucleic acids. 

93. The method of claim 67, wherein the sample comprises a target nucleic 
acid and the one or more reactants are one or more components for conducting a sequencing 
reaction. 

94. The method of claim 67, wherein the sample comprises a target nucleic 
acid and the one or more reactants are one or more components for conducting a quantitative 
PGR analysis. 
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95. A temperature controller, comprising 

(a) a plate assembly comprising a first plate and a second plate that 
are separated from one another by a separation material, the separation material forming a 
fluid-tight seal around the periphery of the plates, the space between the plates and bounded 
by the separation material defining a chamber; 

(b) an inlet assembly located at a first end region of the plate 
assembly and in fluid communication with the chamber; and 

(c) an outlet assembly located at a second end region of the plate 
assembly opposite the first end region and in fluid communication with the chamber such that 
fluid in the chamber can exit therefrom via the outlet assembly, wherein 

a region located between the inlet and outlet assembly and adjacent or 
abutting a surface of the first plate is adapted to receive a microfluidic chip; 

the first and second plate comprise a transparent region that permits 
optical detection of the microfluidic chip; and 

the top plate is less than 100 microns thick. 

96. A method for conducting a temperature controlled reaction, the method 

comprising 

(a) providing a temperature controller as defined in claim 95; 

(b) placing a microfluidic chip in the region adapted to receive the 
microfluidic chip; and 

(c) flowing one or more solutions at a desired temperature through the 
chamber via the inlet and outlet assembly, whereby the microfluidic chip is heated or cooled 
by the one or more solutions flowing through the chamber. 

97. A temperature controller, comprising 
(a) a plate assembly comprising 

(i) a hinged assembly that comprises a first plate and a 
second plate that are hingeably connected, such that the first plate can be moved toward or 
away from an upper face of the second plate; 

(ii) a third plate 

(iii) a separation material that separates a lower face of the 
second plate opposite the upper face from the third plate and forms a fluid-tight seal 
therebetween; 
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(iv) a chamber formed by the space between the lower face 
of the second plate and the third plate and being bounded by the separation material; and 

(v) a pair of holes, one hole being located in the first plate 
and the other hole being located in the second plate, the holes positioned such that when the 
first plate is folded onto the second plate, the pair of holes are aligned; 

(b) an inlet assembly located at a first end region of the plate 
assembly and in fluid communication with the chamber; and 

(c) an outlet assembly located at a second end region of the plate 
assembly opposite the first end region and in fluid communication with the chamber such that 
fluid in the chamber can exit therefrom via the outlet assembly, wherein 

the hinged assembly is adapted to receive a microfluidic chip between 
the first and second plate. 

98. A method for conducting a temperature controlled reaction, the method 

comprising 

(a) providing a temperature controller as defined in claim 97; 

(b) placing a microfluidic chip into the hinged assembly such that the 
microfluidic chip is sandwiched between the first and second plate; and 

(c) flowing one or more solutions at a desired temperature through the 
chamber via the inlet and outlet assembly, whereby the microfluidic chip is heated or cooled 
by the one or more solutions flowing through the chamber. 

99. A microfluidic device, comprising 

(a) a substrate comprising an elastomeric material; 

(b) a first plurality of flow channels formed within the substrate; 

(c) a second plurality of flow channels, each formed within the substrate 
and in fluid communication with an inlet, the second flow channels intersecting the first flow 
channels to define an array of reaction chambers; and 

(c) isolation valves selectively actuatable to block flow between junctions 
along at least one of the first and second flow channels, and to regulate solution flow to the 
reaction chambers, wherein the isolation valves comprise a first and second isolation valve 
that have differing activation thresholds. 
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